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Additive manufacturing (AM) aka three-dimensional (3D) printing has been a well-established and 

unparalleled technology, which is expanding the boundaries of materials science and is exhibiting 

an enormous potential to fabricate intricate geometries for healthcare, electronics, and construction 

sectors. In the contemporary era, the combination of AM technology and stimuli-responsive hydrogels 
(SRHs) helps to create dynamic and functional structures with extreme accuracy, which are capable 

of changing their shape, functional, or mechanical properties in response to environmental cues 
such as humidity, heat, light, pH, magnetic field, electric field, etc. 3D printing of SRHs permits the 

creation of on-demand dynamically controllable shapes with excellent control over various properties 
such as self-repair, self-assembly, multi-functionality, etc. These properties accelerate researchers to 

think of unthinkable applications. Additively manufactured objects have shown excellent potential in 

applications like tissue engineering, drug delivery, soft robots, sensors, and other biomedical devices. The 

current review provides recent progress in the 3D printing of SRHs, with more focus on their 3D printing 

Abbreviations: 3D, three-dimensional; 4D, four-dimensional; βCD, β-cyclodextrin; AA, acrylic acid; AA-MA, methacrylated alginate; AM, additive manufacturing; CAD, 
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techniques, stimuli mechanisms, shape-morphing beh
current trends and future roadmap of additively manu  

have also been presented, which will be helpful for fu  

providing fundamental knowledge about SRHs to fab

1
T
d
f
m
fi
T  

1  

a
m
A
i
b
a
c
e
t
c
p
t  

m
[  

r
r
3
[

c
u
m  

d
t
H  

s
i  

d
t
r

t
a  

m
s
d
m
(
h
s  

e
t
a

S
t
c
n
t
u
p
c
a
F  

I  

o
b

m
t
e
r  

u
a  

3

1
I
r
k
s
t
p
a  

m
A
i

1
H
c
n
i
w  

m  

m
e
u
d
t  

p
o
t
h
t

2

 Introduction 

he Additive manufacturing (AM) also known as the three- 
imensional (3D) printing, rapid prototyping, or solid freeform 

abrication, fabricates complex, multi-functional, and multi- 
aterial components directly from computer-aided design (CAD) 

les, by depositing materials in layer-by-layer fashion [1–4] . 
his novel concept was initially coined by Charles W. Hull in
984. Over the years, 3D printing has been rapidly developed
nd has witnessed a significant advancement in methods, 
aterials, technologies, and applications [5–7] . According to 

STM/F2921, the 3D printing technology is further classified 

nto material extrusion, powder bed fusion, material jetting, 
inder jetting, direct energy deposition, vat photopolymerization, 
nd sheet lamination techniques [8–10] . 3D printing techniques 
an generate fully-customized objects with good precision, high 

nergy efficiency, design flexibility, and reduced waste compared 

o the traditional manufacturing processes [11–14] . Furthermore, 
ompared to conventional manufacturing technologies, 3D 

rinting technology does not require molds, machining or 
ooling. It can be used for metals, alloys, polymers, ceramics, and

ulti-materials to develop fully-customized and precise structures 
15–19] . As such, 3D printing is extensively used in a wide
ange of industries like automotive, aerospace, energy, food, 
obotics, electronics, chemical, biomedical, etc. [20–23] . However, 
D printing usually develops unresponsive and static structures 
24–26] . 

To overcome this issue, in 2013, Tibbits demonstrated the 
oncept of four-dimensional (4D) printing [27–31] . This concept 
ses the combination of 3D printing and stimuli-responsive 
aterials to induce shape morphing effect with time as the 4th

imension, after fabrication upon environmental stimulations, 
hus, uncovering new advancements in the AM field [32–36] . 
owever, with the passage of time, it was found that some

tructures change their properties such as color or stiffness 
nstead of shape under external stimuli [37–39] . The most recent
efinition of 4D printing takes this possibility into account 
ogether with the programmability and predictability of the 
esponse [40–43] . 

4D printing depends on 3D printing technique, stimulus 
ype, stimuli-responsive material, interaction mechanism, as well 
s mathematical modeling [ [38 , 44 , 45 ]. These stimuli-responsive
aterials exhibit self-assembly, self-sensing, self-actuating, and 

hape memory features, which are highly suitable for developing 
ynamic and complex structures [46–49] . Stimuli-responsive 
aterials are classified into stimuli-responsive soft polymers 

SRPs), liquid crystal elastomers (LCEs), and stimuli-responsive 
ydrogels (SRHs), which have shown sensitiveness to external 
timuli such as light, heat, electric field, magnetic field, humidity,
tc. [50–55] . Additionally, these materials exhibit the potential 
o fabricate interactive and adaptive structures for biomedical, 
erospace, electronics, and other intelligent applications [56–61] . 
 

aviors, and their functional applications. Finally, 
factured smart structures for different applications
ture research. This review holds great promise for
ricate structures for diverse applications. 

hape-memory feature of SRH materials can help to fabricate 
ime-dependent 3D structures, which switch between different 
onfigurations upon external stimulations [62–64] . Furthermore, 
ature-inspired systems with shape morphing abilities instigate 

he scientists to develop bioinspired designs and patterns 
sing the combination of stimuli-responsive materials and 3D 

rinting processes [65–68] . Shape-memory materials are further 
lassified into shape-memory polymers (SMPs), shape-memory 
lloys (SMAs) and shape-memory hydrogels (SMHs) [69–73] . 
ig. 1 depicts the key characteristics of SMPs, SMAs and SMHs.
t is evident from Fig. 1 , that SMH provides a good balance
f various properties such as biodegradability, self-healing etc. 
iocompatibility in comparison to its competitive materials. 

Stimuli-responsive hydrogels are the class of stimuli-responsive 
aterials, which have found their applications in 4D printing, 

hanks to their sensitiveness to specific external stimuli and 

xtraordinary soft material properties [74–78] . These hydrogels are 
esponsive to electric field, pH, heat, and magnetic field, and are
sed to fabricate diverse structures with excellent controllability 
nd adaptability [79–81] . Fig. 2 shows the publication trends of
D printing of SRHs across the different years. 

.1 Scope of the review 

n recent years, there have been various attempts made by 
esearchers to summarize the 3D printing of SRHs to grasp 

nowledge of 3D printing techniques and various potential 
timuli. For instance, Champeau et al. [82] provided the state-of- 
he-art 4D printing of smart hydrogels, considering the material’s 
erspective. This article presents an exhaustive, authoritative, 
nd critical review of the 3D printing of SRHs for developing
ulti-functional structures for ground-breaking applications. 
dditionally, the review aims to provide the recent advancements 

n the 3D printing of SRHs. 

.2 Stimuli-responsive hydrogels 
ydrogels contain large amounts of water entrapped by 3D 

ross-linked molecular networks. Through covalent bonding or 
oncovalent interactions, the intriguing network of a hydrogel 

s established through which it contains a large amount of 
ater for a long time in a liquid environment [83–85] . As
uch as 99% of the weight of a hydrogel can be water, thus,
aking them promising materials for water-enriched biological 

nvironments such as the human body. Fig. 3 depicts the 
nique characteristics of hydrogels that make them suitable for 
ifferent engineering fields. The translation of hydrogels into 

he clinic is mainly due to its various characteristics such as
roliferation, cell adhesion, migration, and delivery of small 
r macro-biomolecules [86–88] . These characteristics are due 
o the circulation and exchange of nutrients and wastes in 

ydrogel molecules. Furthermore, their roles in AM are thanks to 

heir diverse capabilities such as additives, suitable degradation 
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Fig. 1 

Comparison between the properties of shape memory materials. 

Fig. 2 

Publication trends for 3D-printed hydrogels across the different years. (Figure 
drawn based on the information from Scopus database using “3D printing”, and 
“hydrogel” as keywords). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rate, potential ink materials and stimuli responsiveness [89–92] .
Hydrogels reversible movement in response to environmental
stimuli have been exploited as actuators and cell culturing for drug
delivery and tissue engineering applications [93–96] . 

With the increasing demand for hydrogels in different
engineering applications, research scientists have fabricated SRHs
which are also known as “smart hydrogels” or “intelligent
hydrogels” [98–100] . SRHs can undergo structural transitions and
stimuli-induced volume, thus, showing their suitability for multi-
dimensional applications [101] . Table 1 summarizes different
stimuli for SRHs, and their advantages and disadvantages.
Responsive hydrogels can be synthesized through chemical
or physical cross-linking methods [102] . Chemically fabricated
hydrogels rely on a covalent bonding of their polymer network
and this approach is further classified into grafting-, free radical-,
and radiation-polymerization techniques [103] . Whereas, physical
cross-linking mainly utilizes hydrogen bonding, hydrophobic,
and electrostatic attractions for holding the polymer chains
[104] . Hydrogels synthesized by such methods show reversible
swelling-deswelling transitions in response to different stimuli.
More than one polymer can be used to synthesize SRHs, which
makes them highly diverse and can be fitted in multi-functional
applications [105–107] . To date, various natural protein-based
hydrogels (fibrin, gelatin, silk fibroin, and elastin) [108–111] ,
polysaccharide-based hydrogels (hyaluronic acid, chitosan, and
alginate) [112–118] , and synthetic hydrogels are effectively used
in different 3D/4D printing applications [119–125] . 

2 3D printing 

3D printing or rapid prototyping technology refers to the
development of 3D objects with precise dimensions through
the layer by layer deposition [155–157] . A wide range of
materials from metals and alloys to elastic polymers can
be printed by using this technology [158–160] . It can print
customized and intricate designs such as complex lattice
structures, which cannot be manufactured using conventional
manufacturing processes [161–164] , as illustrated in Fig. 4 .
3D printing technology contains a variety of techniques
3 
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Table 1 

Advantages and disadvantages of different stimuli, which are used to develop SRH-based structures. 

Stimulus Hydrogel type Advantages Disadvantages Commonly used hydrogels Ref. 

Light Photo-responsive i. Remotely controlled 
ii. The triggering mechanism 

can be easily controlled 
iii. Tunable mechanical 

properties 

i. Difficulty in controlling 
the intensity of light in 
depth 

PNIPAM, PEGDA [126–129] 

Temperature Thermo-responsive i. Ease in manufacturing 
ii. Incorporation of active 

substance is easier 

i. Slow response 
ii. Compatibility problems 

PNIPAM, GelMA, chitosan, 
chitin, agarose, alginate, 
methylcellulose 

[130–135] 

Electric field Polyelectrolyte i. Fast actuation 
ii. Precise response 

i. Require electrodes and 
electrolytes 

PANI [136–140] 

Magnetic field Embedded magnetic 
particles 

i. Remotely controlled i. Require magnetic 
particles 

Hydrogels containing 
magnetic particles or 
magnetic matrices 

[141–144] 

Humidity Water-responsive i. Ease of operation i. Slow response CNC, CNF [145–148] 
pH Acidic or basic i. Easy to prepare the 

solution 
i. Require pH solution 

ii. Slow response 
PAA, HA, chitosan, alginate [149–151] 

Ions Ionic i. Easy to prepare the 
solution 

i. Require ionic solution PUA, AA, alginate, 
methylcellulose 

[152–154] 

Fig. 3 

Distinct features of hydrogels (Figure drawn based on the information provided by ref. [97] ). 
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ncluding extrusion-based printing, vat photopolymerization 

stereolithography (SLA), digital light processing (DLP) [165–
67] , two-photon polymerization (TPP)), material jetting, inkjet 
rinting (IJP), and powder bed fusion (PBF) [168–171] . Rapid
rototyping of hydrogels to develop highly customized complex 

hapes is quite challenging through traditional fabrication 

echniques including casting and electrospinning. While novel 
M opens the great possibility to fabricate 3D permanent 
hapes, which have shown tremendous potential in developing 
mart structures [172–175] . 3D printing can be used to fabricate
D multi-functional products using stimuli-responsive materials 
specially SRHs [176–180] . SRH-based 3D-printed structures have 
ound their applications in tissue engineering, drug delivery, 
 

mart actuating, and micro-gripping applications [181–185] . 
evertheless, not all 3D printing processes apply to printing SRHs, 
ecause hydrogels can only be processed under mild conditions 
186] . Therefore, this review elucidates 3D printing techniques 
hat are used to process hydrogels only. Table 2 provides 
n overview of different 3D printing techniques including 
dvantages and disadvantages, which are used to print SRHs. 

Extrusion-based printing deposits molten or semi-molten 

olymers, dispersions, or pastes on a built tray to develop 3D
tructures layer-by-layer [214–218] , as illustrated in Fig. 5 (A). It 
s further classified into fused deposition modeling (FDM) and 

irect ink writing (DIW) [219–222] . FDM melts solid polymers 
nd extrudes them from a nozzle to fabricate 3D objects 
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Table 2 

Different 3D printing techniques used to print SRHs. 

3D printing 

Representative 
hydrogels 

Ink viscosity 
(mPa s) 

Resolution 

( μm) Advantages Disadvantages Applications Ref. 

Extrusion PNIPAM/k-carrageenan, 
gelatin, GelMA, alginate, 
CMCS 

6–30 × 10 7 50–1000 i. Widely source of printing inks 
ii. Low-cost 

iii. Easy operation 
iv. Suitable for multi-material 

fabrication 

i. Nozzle clogging 
ii. Moderate speed 

Scaffolds, soft robots, 
origami structures, edible 
foods, hyperthermia cancer 
therapy 

[188–195] 

SLA PEGDA, PEGDMA No limitation 30–500 i. High resolution 
ii. No clogging issue 

i. Material limitation 
ii. Ink wastage 

iii. Incomplete/over 
iv. curing 
v. High cost 

Drug delivery, 
micro-actuators, 
micro-fluidic devices 

[196–199] 

DLP PEGDA, SA, PAAM – 15–100 i. High resolution 
ii. Precise heterogeneous 

structure 
iii. No clogging issue 
iv. High printing speed 

i. Material limitation 
ii. Ink wastage 

Smart robots, load-bearing 
elements, scaffolds 

[200–206] 

TPP PNIPAM, PEGDA, GelMA – < 1 i. High spatial resolution 
ii. High control and accuracy 

iii. Versatile printing technique 

i. Only applicable to 
photo-polymer hydrogel inks 
with a single material system 

ii. Slow process 

Mobile micro-machines, 
bio-sensors, milli-grippers, 
micro-robots 

[207–209] 

IJP Alginate, PVA, PANI 2–10 10–500 i. High resolution 
ii. Suitable for multi-material 

fabrication 
iii. High speed 
iv. Multi-size fabrication 

i. Nozzle clogging 
ii. Moderate precision 

iii. Poor vertical quality 

Micro-scaffolds, electronic 
devices, smart actuators 

[210–213] 

5
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Fig. 4 

Technological benefits of 3D printing over conventional manufacturing 
processes (Figure drawn with the help of ref. [187] ). 
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223–225] . Although filaments for the FDM are diverse, the
tilization of these filaments in 4D printing is limited due to
he lack of functional properties [226–228] . Thus, the lack of
ntelligent filaments has made the FDM process highly complex 

or 4D printing [229–232] . DIW, a relatively simple 3D printing
echnique, is conducted through ink extrusion and hardening 
233–235] . Therein the dispensed ink in the form of fluid
an be extruded via a nozzle and must be quickly hardened
o retain the structure after deposition [236–240] . Hydrogel- 
ased structures are mostly fabricated through DIW [241–243] . 
urthermore, the fabrication temperature for the DIW printing is 
uite low compared to the FDM, which prevents the degradation
f hydrogel inks [244–246] . This technique is highly suitable for
ulti-material printing [247–250] . 
Vat-photopolymerization is another printing approach, which 

ses liquid resins for polymerization by developing either a linear
r a crosslinked network [251–254] . This light-activated approach 

electively converts photocurable resins to solid polymers using 
ltraviolet (UV) of different wave lengths [255–257] . Vat-based 
Fig. 5 

ight and extrusion-based commonly employed printing techniques used for 3D p
erlag GmbH & Co. KGaA, Weinheim). 

 

echnology possesses high adaptability to fabricate 3D objects 
ith high resolution, high speed, and high accuracy [258–260] . 
he technique is further divided into SLA, DLP, and TPP [261–264] .
ig. 5 (B) illustrates the different between SLA and DLP printing.
PP is suitable for developing micro-structures with ultra-high 

esolution [265–267] . 

.1 4D printing 

ature is continuously inspiring the material scientist’s 
ommunity [268] . Nowadays, we see the complex behavior 
f materials such as changing their shapes in the stimulant 
nvironment originating from millions of years of evolution 

269 , 270] . The realization of hydrogel-based precise 
icrostructural devices with complex 2D and 3D structures is 

ossible due to the core efforts of SRHs [271–273] . Researchers are
ombining smart materials and external stimuli with traditional 
dditive processes [274–276] . This creative concept is directly 
ncoded into diverse structures. Such 4D behavior includes 
elf-assembly (in the absence of traditional driving equipment), 
elf-sensitive, or self-healing [277–280] . 4D printing technology 
as shown great interest in developing modern living structures 
ith parallel aligned with some sustainable goals such as 

ow environmental impacts with low energy consumption 

275] [ 281 , 282 ]. 4D printing uses the same 3D printing
echniques to develop dynamic structures using SRH materials. 
he 3D-printed SRHs in various forms are crucial materials 
or scaffold development especially for tissue repair [283–285] . 
his section elucidates the 3D printing of different types of 
RHs. 

.2 3D printing of magneto-responsive hydrogels 
n recent years, 3D-printed magnetic-driven actuators with 

omplex geometry, and programmable structure have been widely 
xplored [286] . Particularly, patterning magnetic hydrogels 
hrough 3D printing offers a wide range of opportunities 
n navigation and remotely controlled hydrogel actuators. 
or instance, Simi ́nska-Stann et al. [242] fabricated magnetic 
ydrogels through multi-material direct printing using polyacrylic 
cid (PAA) with improved dispersion through magnetic 
anoparticles (MNPs). Ca 2 + -based interactions improved the 
rosslinking of PAA-MNPs hydrogel. Various patterns of magnetic 
ctuators were printed ( Fig. 6 (A)) for steerable motion in the
rinting of smart hydrogels (adapted from ref. [82] , copyright 2020 WILEY-VCH 
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Fig. 6 

(A) (1–2) Multi-material printed models of magnetically graded hydrogel cubes with three various inks of PAA/MNPs (3) Single- and multi-material hydrogel 
structures with various structures designs models on the left side and printed model on the right side (adapted with permission from ref. [242] under the terms 
of the Creative Commons Attribution license 4.0.); (B) Images of 3D-printed magnetic starfish hydrogels with 1 wt.% SPIONs; The arms swing and attach to it 
towards the magnet and illustration of hydrogel starfish following the movement of the magnet (adapted with permission from ref. [287] under the terms of the 
Creative Commons Attribution license 4.0.); (C 1 ) Magnetic soft robot used for targeted drug delivery in stomach model; (C 2 ) Experimental illustration of the robot 
delivering diverse drugs at various temperatures in DI water, next in NaCl capsule to the location ‘A’ in 40 °C and finally glucose capsule to the location ‘B’ in 60 °C. 
The amino acid capsule to the location ‘C’ in 25 °C 5% HCl aqueous solutions (adapted with permission from ref. [288] copyright 2022 Elsevier B.V.); (D) Microscopic 
and schematics images demonstrating the deflection of the flag-shaped structures by arrows such as blue for magnetic and green for elastic behaviors (adapted 
with permission from ref. [290] under a Creative Commons Attribution License 4.0 (CC BY)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

air demonstrating their spatially anisotropic response under a
magnetic field. Likewise, Mohammad et al. [287] 3D-printed
starfish hydrogels using 2 wt.% superparamagnetic iron oxide
nanoparticles (SPIONs) with acrylamide and PEGDA with shape
deformation of 10% when swollen. Results showed that the
starfish grabbed onto a magnet with all arms under a magnetic
field stimulus, as depicted in Fig. 6 (B). Furthermore, the printed
hydrogels returned to their original formation when the magnetic
stimulus was removed and retained their excellent shapes. Thus,
these hydrogels have shown potential in magnetically stimulated
actuators and soft robotics applications. 

Wang et al. [288] printed a millimeter-scale magnetic soft robot
using (MWCNTs/PDMS) composites. Furthermore, a dual-sensor
configuration-based magnetic soft robot was fabricated from
(rGO/PDMS) composites which was printed directly on the surface
of neodymium-iron-boron (NdFeB)/PDMS composite substrate.
Various functions of the soft robot such as temperature, tactile
and electrochemical stimuli were detected and controlled through
7 
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Fig. 7 

(A) Ternary droplets selective manipulation under magnetic field function (adapted from ref. [296] copyright 2023 American Chemical Society); (B 1 ) 3D-printed 
complex 3D structures (octopus, and tubular) with ferrogel, (B 2 ) Response of 3D-printed structures under magnetic field stimulus, (B 3 ) Illustration of self-healing 
behavior between hydrogel and ferrogel (adapted with permission from ref. [294] copyright 2022 Elsevier B.V.). 
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lectrical responses of the integrated sensors. Drug delivery was 
arried out during a proof-of-concept demonstration of the soft 
obot as depicted in Fig. 6 (C 1 )- Fig. 6 (C 2 ). Moreover, the drug
issolutions made a quantitative evaluation for drug delivery 

nduced by the targeted and the integrated sensors successfully 
etect the surrounding concentration variations. 

Various nanoparticles respond well to magnetic forces or 
orques generated under magnetic fields, for remote and 

ccurately controlling the actuation behaviors [289] . For instance, 
hang et al. [290] proposed FePt Janus microparticles and silk
broin (SF) hydrogel-based wirelessly actuated programmable 
icrofluidic cilia for various purposes in healthcare devices. 

nitial results confirmed that a programmable metachrony with 

ontrollable phase differences was observed by adjusting the 
rientation of the identically magnetized hard FePt Janus 
icroparticles. This allows wave propagation along the cilia array 

nder a rotating magnetic field (globally), as depicted in Fig. 6 (D).
 

Researchers are also continuously employing synergistic 
ombinations of hydrogels with 3D printing for fabricating 
ophisticated structures effective for numerous biomedical 
pplications [291–293] . Recently, Mun et al. [294] printed 

agnetic responsive ferrogels/MNPs-based hydrogels using 
yaluronic acid (HA) base material with remotely controllable 
roperties Fig. 7 (B 1 )- Fig. 7 (B 2 ). HA was further as hydrazide-
odified (hHA), oxidized (oHA) and improved further by adding 

dipic acid dihydrazide (ADH) for their self-healing behavior. 
esults demonstrated that oHA/hHA/ADH-based self-healing 
roperties as presented in Fig. 7 (B 3 ) were observed by adding
PIONs. Also, the remarkable stretchability and structural 
ntegrity ( = 94.3 ± 1.5%) were noted particularly for tissue 
ngineering applications. The magneto- and electroactive- 
ased structures are highly efficient for many engineering 
nd biomedical applications because they are highly tunable 
o regulate their performance/functionalities under external 
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Fig. 8 

(A) Shape memory and self-healing properties of the various 3D-printed PU/GelMA hydrogel including sheet-like (seven layers), flower (four layers), and honeycomb 
(four layers) constructs (adapted from ref. [302] copyright 2021 IOP Publishing); (B) PAM/PAA hydrogel the mechanical deformation behaviors for a week at − 20 
°C and − 60 °C with various glycerol concentration (assigned as GLO-GL2 and without glycerol and LSNs, assigned as WH) (adapted with permission from ref. 
[303] copyright 2022 Elsevier B.V.); (C) Shape changing behavior of PNIPAM and PNIPAM/GO hydrogels before and after heating (adapted with permission from ref. 
[304] copyright 2022 Elsevier B.V. ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

stimuli such as electric and magnetic fields [295] . Furthermore,
the novel multifunctional magnetic-based smart materials
through 4D printing are explored extensively today and are
considered an active research topic for many researchers. For
instance, Wu et al. [296] studied magnetism-responsive slanted
micropillar arrays (MSMAs) for on-demand manipulation of
multiple droplets using PDMS. Results showed various droplet’s
motion modes such as pinned, unidirectional, and bidirectional
were tunable by changing the speed of the magnetic field and the
volume of droplets. The bending angle of micropillars and rapid
movement of droplets (10–80 mm/s) were reversibly adjusted
under the action of a magnetic field. Furthermore, the liquid-
involved light, electric switch, and biomedical detection were
designed by manipulating the droplets on-demand as presented
in Fig. 7 (A). Thus, making MSMAs are promising for microfluidic
and biomedical engineering applications. 

2.3 3D printing of temperature-responsive hydrogels 
Temperature SRHs have gained immense attention over the years
due to their fast, and highly controllable response [297] for less
chemical residue and higher biosafety [298] . For instance, thermo-
sensitive valves based on n-isopropylacrylamide hydrogels are
highly efficient for controlling the flow of fluid in micro-pumps
[299] . Therefore, with the exploration of various biomaterials as
well as novel nanomaterials, the versatility and high-performance
in the form of multi-functionality and self-healing characteristics
of hydrogels are now commonly observed [300 , 301] . For example,
Wu et al. [302] developed a 3D-printed PU/gelatin-based self-
healing hydrogel. The proposed hydrogel had outstanding photo-
/thermo-responsive behavior with shape fixity ( ∼95%) and shape
recovery ( ∼98%) during the forming and collapsing of water
lattice in the hydrogel. Also, these 4D bioprinted hydrogels have
cryopreserved ( −20 °C or −80 °C) after awakening and shape
recovery at 37 °C, as presented in Fig. 8 (A), thus, potential to use
in tailored biofabrication for various biomedical applications. In
another study by Huang et al. [303] , nanocomposites hydrogels
using polyacrylamide/polyacrylic acid (PAM/PAA) with lignin
sulfonate nanorods (LSNs) in water/glycerol solvent system were
explored. These novel hydrogels with lignin exhibited good
UV blocking performance and mechanical properties. Also, such
nanocomposite hydrogels with glycerol exhibited remarkable
behavior at various low temperatures such as −60 °C and −20 °C
9 
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Fig. 9 

(A) Various shape changing behavior of PDMS hydrogel under the effect of various NaCl concentrations and pH (the “0 ′′ or “1 ′′ at the upper-left corner of the 
images represents the output of the gripper in the form of AND gate and OR gate respectively (adapted from ref. [306] copyright 2022 Royal Society of Chemistry 
(RSC)); (B) Illustration of 3D Printing and self-healing behavior (under water) of KGM-Borax ink (adapted from ref. [307] copyright ©2022, Mary Ann Liebert, Inc.); (C) 
Dual-responsive actuation behavior under temperature and pH stimulus of a 3D-printed hydrogel in gradient-like structure, AND Grabbing (I–II–III) and releasing 
(IV) objects of printed structures under thermal and pH stimulus (adapted from ref. [308] copyright 2019 Royal Society of Chemistry (RSC)). 

f  

t  

i
p
a
h  

h  

a

2
3
a
p  

i
s
w  

a
i
O
s  

N  

a
s

(
r
i
s
K
s
a

i
a
R
a
F
c
p
h

1

or a week without freezing as presented in Fig. 8 (B). According
o Gao et al. [304] temperature responsive graphene oxide (GO)
mproved poly(N-isopropylacrylamide) (PNIPAM) hydrogels are 
romising materials for the wound dressing applications. Gao 

nd co-authors demonstrated that compression strength of hybrid 

ydrogels 49 times higher than PNIPAM and hybrid hydrogels are
ighly tunable to the transition temperature (32.7 °C to 34.8 °C),
s depicted in Fig. 8 (C). 

.4 3D printing of pH-responsive hydrogels 
D-printed hydrogels triggered under pH stimulus are considered 

 viable technology for fabricating live/dynamic structures, 
articularly for soft grippers and small actuators [305] . For

nstance, Zhang et al. [306] studied SRHs for small-scale 
oft grippers by preparing a pre-designed four-arm shaped 

ell which was attached to Ecoflex mold. Zhang and co-
uthors demonstrated that SRH grippers captured logical output 
nformation corresponding to logic gates autonomously (AND or 
R gate) triggered from expansion or contraction under various 

timuli. As such, one of these responses for soft grippers under
0 
aCl and pH variations is presented in Fig. 9 (A). The proposed
pproach is very promising for controlling the motions of small- 
cale soft robots and machines in a stimulant environment. 

Digumarti et al. [307] studied 3D-printed Konjac glucomannan 

KGM)/Borax-based hydrogels having self-healing and pH- 
esponsive characteristics for soft robotic applications as depicted 

n Fig. 9 (B). Reported results showed that KGM-Borax had 

elf-healing efficiency (98%) underwater. Thus, 3D-printed 

GM/Borax-based hydrogels are ideal for the next generation of 
oft robots capable of reacting to various environmental stimuli 
nd have good resilience against damage. 

Odent et al. [308] fabricated anisotropy-encoded poly(N- 
sopropylacrylamide), PNIPAM, and poly(2-carboxyethylacrylate), 
nd PCEA hydrogel actuators through SLA-based 3D printing. 
esults demonstrated that multi-responsive hydrogel-based 

ctuators had repeatable and fast shape-changing behaviors. 
urthermore, temperature and pH-based stimulus revealed 

ontinuous bidirectional bending of soft actuators and it is a 
romising platform for releasing and grasping various objects as 
ighlighted in Fig. 9 (C). 
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2.5 3D printing of humidity-responsive hydrogels 
Water/humidity-responsive stimulus is considered a fundamental
stimulus for producing a simple form of shape morphing behavior
in the form of swelling and deswellingby absorbing water vapor
and evaporating water vapors, respectively [309] . This complex
behavior is attributed towards the cross-linking density of a
hydrogel which produces lower volumetric expansion when the
cross-linking density is high [310] . Also, the unique combination
of advanced additive manufacturing technologies with water
responsive hydrogels are recognized as a milestone technology
for achieving highly complex, programmable, and controllable
objects with intricate geometries. In this regard, PNIPAM, PEGDA,
poly(acrylamide) (PAAm), poly(butyl methacrylate), PAA are well
studied and documented through 3D printing for producing
novel shape generation which is now in high demand [311–
313] . For instance, Yang et al. [314] proposed a controllable
method for humidity-responsive programmable deformation of
PEGDA hydrogel structures through a single-material printing.
Results showed that changes in the water absorption and
swelling properties of PEGDA hydrogels, and controlled bending
deformation of their structures were achieved as highlighted in
Fig. 10 (A 1 ). Furthermore, a micro-manipulator as presented in
Fig. 10 (A 2 ) successfully grasped and released tiny objects sized
in centimeters or even millimeters. Thus, the proposed design
offers a unique idea for micro-robots effectively used in tissue
engineering and drug delivery applications. 

He et al. [315] fabricated a series of hydrogels through the DLP
technique. Results demonstrated that printed materials have high
sensitivity under both stretching and compressive deformations.
Furthermore, the dehydration behaviors of hydrogels in ethanol
and the water-activated were excellent (referring to Fig. 10 (B)),
which are considered effective in their storage and related
biomedical applications. Levin et al. [316] investigated the
3D-printing technique for characterizing the heterogeneous
deformations under swelling of water beads hydrogel structures
for two types of geometric confinements as presented in Fig. 10 (C).
The results showed transverse stretches increase by decreasing the
longitudinal deformations. These interesting results can be useful
for optimizing the performance of swelling for various purposes
such as water-responsive hydrogels as well as for other stimuli such
as temperature and pH. 

2.6 3D printing of solvent-responsive hydrogels 
As early as 2005, the solvent-induced recovery process was first
reported. Since then it has attracted the attention of the scientific
community [317] . Solvent-responsive hydrogels allow for change
of the shapes of hydrogel structures and recovery from a fixed
shape to a temporary shape under organic or inorganic solvent
stimulus. Particularly ethanol, citric acid, and acetone are widely
explored as possible solvent stimulants. The complex shape
morphing behavior of the hydrogel system further improves
when intricate design structures are driven by 3D printing
techniques. Unlike the traditional responsive stimulus, solvent-
responsive hydrogels have unique advantages for the plethora of
functionalities thanks to printed hydrogel structures [318 , 319] ,
thus allowing them to be used in numerous applications
ranging from tissue engineering to soft robotics. Recently, Cao
et al. [320] investigated thermo-responsive polycaprolactone
dimethacrylate (PCLDMA) and ionic responsive sodium alginate
methacrylate (SAMA) for developing self-rolling bilayer film. DIW-
based 3D printing is used for fabricating complex structures
( Fig. 11 (A)). Results showed that when exposed to warm water
and Ca 2+ solution, the printed bilayer exhibited controllable self-
rolling behavior. In addition, the biomaterials employed in the
proposed 4D printing technique are highly promising as vascular
stents. 

The organic solvent can produce a reversible dilating
mechanism and contract polymer matrix allowing structures to
achieve more complex and advanced shape-morphing behavior.
For instance, Parimita et al. [319] prepared chitosan (CS)/citric acid
(CA)-based hydrogel through DIW 3D printing demonstrating
excellent shape-morphing properties under an external trigger
stimulus ethanol as presented in Fig. 11 (B 1 ). Furthermore,
different complex 3D architectures were printed and modified
by trimethyl silane (TMS) hydrophobic coating. The shape-
morphing CS/CA hydrogel through 3D printing has numerous
applications in actuators, and grippers, for soft robotics as it lifts
an object seven times its weight as highlighted in Fig. 11 (B 2 ). In
another novel study by Lei et al. [321] “shapeability” of various
stimulant responsive hydrogel inks in different support baths
including agarose fluid gel gelatin slurry, oil-based, carbopol baths
have been explored. The insights from this work demonstrated
that oil support baths as presented in Fig. 11 (C) inhibited all
transport events and reduced interfacial tension at the ink–bath
interface. This novel embedded 3D printing for stimuli-responsive
hydrogels is a promising platform for producing architected soft
for numerous applications in tissue engineering. 

2.7 3D printing of light-responsive hydrogels 
The excessive availability of UV radiation and their exposure
through naturally available sources such as the sun as well as
some artificially created in the form of near-infrared-light (NIR)
have significant advantages [322] . For example, UV light is an
inexpensive technology, easy for various high-end engineering
applications in sensors, actuators and humans as well [323] .
This approach combined with 3D printing has now widened
the spectrum of hydrogel materials to enable rapid, affordable,
and easy to regulate the shape-morphing behavior for multiple
intriguing structures. Recently, Yang et al. [324] investigated a bio-
inspired micro-propeller robot using PNIPAM/CNTs, and magnetic
materials through extrusion-based 3D printing techniques under
magnetic and optical coupling field stimulus. Results showed
that the hydrogel under light stimulus produced a recoverable
and controlled deformation for micro-robotic structures such
as the swimming of a bionic jellyfish, as highlighted in
Fig. 12 (A). Furthermore, the bio-inspired propeller demonstrated
complex degrees of freedom for motion along with their
ability to carry objects in a microfluidic environment under
optical and magnetic coupled fields. It was envisioned that the
proposed methodology would be useful for navigators in liquid
environments. 

Zhao et al. [325] developed stimuli-responsive graphene oxide
(GO)/nanoclay/PNIPAM-based hydrogels using extrusion-based
3D printing. Moreover, PNIPAM precursors were treated silane
11 
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Fig. 10 

(A 1 ) low concentration hydrogel solution deformation under mode I driven by unilaterally absorbing the prepolymer solution and curing internally, and the 
skeletonized structure of the hydrogel showing deformation under mode II for developing micro-manipulator for grasping and releasing of objects in control 
manner, (A 2 ) Performance of the micromanipulator demonstrating its gripping and releasing behavior (adapted with permission from ref. [314] copyright 2022 
Elsevier Ltd.); (B) Dehydration of the hydrogel in ethanol and water-activated shape memory property of the hydrogel (adapted from ref. [315] copyright 2021 
American Chemical Society); (C) Comparison of dry and a freely-swollen water bead hydrogel (99% water) in various in the form of transversely constraining and 
elastically constraining boxes (adapted with permission from ref. [316] under the terms of the Creative Commons Attribution license 4.0.). 
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Fig. 11 

(A) (a) Designed structures of the bilayer film with various patterns, (b) snapshots of the 4D printed various bilayers under UV light, (c) printed bilayer films self- 
rolled behavior under Ca 2 + solution (adapted from ref. [320] copyright 2022 Wiley Periodicals LLC.); (B 1 ) Various 4D-printed CS structure coated with silane stimulus, 
(B 2 ) Images of a soft gripper illustrating grasping and releasing of an object (adapted with permission from ref. [319] copyright 2022 The Society of Manufacturing 
Engineers. Published by Elsevier Ltd.); (C) Various soft morphing systems produced in an oil-based bath via embedded printing (adapted with permission from ref. 
[321] under the terms of the Creative Commons Attribution license 4.0.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with prescribed shapes and spatial control. Excellent shape
morphing behavior was demonstrated as presented in Fig. 12 (B)
by the nanocomposites under UV light and temperature. Folding
and bending to occur for non-swellable decellularized leaf find
promising applications in biosensors and soft actuators. 

Shao et al. [326] studied photo-responsive graphene and
silicon rubber/PDMS-based bilayer structure through 3D printing.
The developed 3D-printed composite exhibited tunable optically
responsive motions such as bending, grasping, and crawling
and self-sensing characteristics, as highlighted in Fig. 12 (C 1 )-
Fig. 12 (C 2 ). This was achieved during the proof concept
demonstration of the muscle-like actuator under light-driven
programmed locomotion for promising applications expected in
soft robotics. 

Zhang et al. [327] prepared self-assembled PNIPAM/GO
nanocomposite hydrogel through three-dimensional printing.
GO further improves fast photo-thermal infrared light absorber
capacity in the form of shrinkage and swelling by controlling NIR
light on or off. Moreover, a 3D-printed round-tube nanocomposite
hydrogel was successfully employed as a pencil for potential use
as an actuator as presented in Fig. 12 (D). 

Chen et al. [328] explored highly flexible and stretchable
(1500%) PDMS hydrogel through DLP using a novel PμSL printer.
The insight of this study showed that highly tunable and optical
13 
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Fig. 12 

(A) Image of “+ ” shaped hydrogel with locally dipped CNTs and its light response behavior standing and jumping standing action under increased light intensity, 
and finite element analysis and actual images of light-driven swimming of a bionic jellyfish (adapted with permission from ref. [324] copyright 2023 Elsevier B.V. ); 
(B) Swelling type shape morphing behavior of the bilayer structure silane-treated decellularized leaf (GO/nanoclay/PNIPAM hydrogels) at 22 °C, and deswelling 
behavior under UV irradiation ( ∼1 W/cm 

2 ) (adapted from ref. [325] copyright 2022 American Chemical Society); (C 1 ) Asterisk-shaped ( ∗) printed gripper used for 
transporting a quail egg, and bionic hand in response through its various shape-deformation behaviors under NIR irradiation, (C 2 ) The grabbing of different objects 
through 3D-printed the triangular prism, cylinder, and pyramid objects through double-wall ring-shaped gripper, and crawling robot crawls during NIR irradiation 
on and off (adapted with permission from ref. [326] copyright 2022 Elsevier B.V. ); (D) The model and various images of the hydrogel 3D structure, Schematic and 
real-time illustration of grabbing mechanism of an object with a small size than tube during the NIR laser irradiation (adapted from ref. [327] copyright 2019 WILEY- 
VCH Verlag GmbH & Co. KGaA, Weinheim); (E) Conceptual design of smart window concepts and its proposed mechanisms under thermo-light responsive hydrogel 
(adapted with permission from ref. [328] under the terms of the Creative Commons Attribution license 3.0.). 
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erformance was observed for the next generation of soft smart
indows as presented in Fig. 12 (E). Also, PDMS hydrogel showed

ransparent-opaque transition with high solar modulation up to 

9.332% near its lower critical solution temperature. 
4 
Thus, 3D-printed SRHs have been extensively applied to 

evelop smart structures for different engineering applications. 
able 3 summarizes some of the recent structures developed by 
esearchers using the combination of SRHs and 3D printing. 
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Table 3 

A review of recent stimuli responsive behavior of 3D-printed hydrogels for exciting applications. 

3D printing 

process 
Smart 
hydrogels Printed 2D model(s) Stimulus Stimulated 3D model(s) Applications Ref. 

Extrusion- 
based 
printing 

Alginate/ 
methylcellulose 

Deionized 
water 

Soft robotics [329] 

Extrusion- 
based 
printing 

PNIPAM/PANI Temperature Flexible 
electronics 

[330] 

FDM CMC Water Complex 
architectures 
and actuating 
structures 

[331] 

( continued on next page ) 
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Table 3 ( continued ) 

3D printing 

process 
Smart 
hydrogels 

Printed 2D model(s) Stimulus Stimulated 3D model(s) Applications Ref. 

DIW AA-MA Ions Vascular stents [332] 

DIW MC/alginate/ 
PAA/Fe 3 O 4 

Magnetic field Tissue scaffolds [333] 

DIW PNIPAM/clay Temperature Bionic grippers [334] 

DIW PNIPAM/PAAM Temperature Multifunctional 
biomedical 
devices 

[335] 

( continued on next page ) 
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Table 3 ( continued ) 

3D printing 

process 
Smart 
hydrogels 

Printed 2D model(s) Stimulus Stimulated 3D model(s) Applications Ref. 

DIW PNIPAM/ 
PEGDA/Fe 3 O 4 

Solvent and 
magnetic field 

Soft robotics [336] 

DIW GO/PVA pH and 
enzymes 

Controlled drug 
delivery and 
tissue 
engineering 

[337] 

DLP PEGDA Temperature Smart lattice 
structures 

[338] 

DLP PNIPAM Temperature Tissue 
Engineering 

[339] 

( continued on next page ) 
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Table 3 ( continued ) 

3D printing 

process 
Smart 
hydrogels 

Printed 2D model(s) Stimulus Stimulated 3D model(s) Applications Ref. 

DLP PEGDA Temperature Lattice 
structures 

[340] 

DLP PEGDA/iron 
particles 

Magnetic field Smart actuators [287] 

DLP PEGDA Water Micro/nano- 
scaled 
grippers 

[314] 

SLA PEGDA Temperature Scaffolds and 
smart actuators 

[202] 

( continued on next page ) 
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Table 3 ( continued ) 

3D printing 

process 
Smart 
hydrogels 

Printed 2D model(s) Stimulus Stimulated 3D model(s) Applications Ref. 

μSLA PNIPAM Temperature Biomedical 
devices 

[341] 

TPP PEGDA/HAMA Temperature Soft grippers [342] 

TPP PNIPAM Temperature Biomedical 
devices and 
artificial limbs 

[343] 

Vat 
polymerization 

PNIPAM/AA Light Soft robots, 
data security 
protections, 
and 
implantable 
sensors 

[344] 

SLS TPU/Nd2Fe14B Magnetic field Smart 
grippers 

[92] 
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Fig. 13 

Versatile applications of 3D-printed SRHs. 
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 Emerging applications of 3D-printed SRHs 
ydrogels under any stimulus show large volume changes which 

re performed by actuation movements in two ways. First, 
nisotropic stimuli are required for a homogeneous hydrogel 
tructure. Second, homogeneous stimuli are needed for an 

nisotropic hydrogel structure and this approach is more effective 
345–347] . 3D printing is convenient for producing anisotropic 
ydrogel structures for tissue engineering and controlled drug 
elivery applications [348–351] . This section also covers the recent
evelopments in terms of shape-morphing behavior such as self- 
ssembly, self-healing, and changes in various material properties, 
hich are responsible for their advanced applications in various 

ectors [352–358] . Table 4 incorporates the recent hydrogel- 
ased smart structures developed by using different 3D printing 
echniques and their deformation mechanisms. Fig. 13 highlights 
he applications of 3D printing of SRHs in various domains. 

.1 Soft robotics 
oft robotic is continuously gaining significant attention ranging 
rom academia to industrial sectors for their unique role in
arious exciting applications in sensors and actuators as well
s tissue engineering [402–404] . Soft robotics has the ability
o respond under multiple actuation mechanisms that are 
ppealing to develop highly flexible and adaptable sensors in 

ny complex environment. Inspired by natural organisms, soft 
obotics have been designed to achieve highly elastic, motorless- 
riven mechanisms, deformable, and remarkable shape-morphing 
ehavior in comparison to their rigid counterparts [405–407] . 
D-printed soft robot made from soft polymeric materials such 
0 
s hydrogels further improves their characteristics, especially 
n narrow spaces and complex environments where human 

nteraction is not possible by offering a high degree of freedom in
he form of bending, rolling, twisting and folding [326] . Moreover,
hese soft robots are now successfully employed in minimally 
nvasive surgery by offering various flourishing tools such as 

agnified 3D vision, highly dexterous surgical equipment, and 

ighly-intuitive human-robot interfaces for precisely controlling 
ool motion, thus, improving overall surgeon capabilities [408] . 

For instance, Sun et al. [409] fabricated marine-sourced 

ydraulic actuators using fresh calcium-alginate hydrogels by 
rinting thin-wall water-tight and pressurizable structures. Results 
onfirmed that actuators had various features such as complex 

hapes and internal cavities with safely edible, biodegradable, 
nd digestible by marine organisms. Finally, marine robot 
emonstrated its complex soft-device aspects such as transporting 
arious objects as presented in Fig. 14 (A). In another study,
etsuka et al. [410] multi-layer printed various micropatterns 
f hierarchical and multilayered scaffold techniques using 
EG/GelMA with a pattern of the hard PEG/GelMA perpendicular 
rientated. Results showed that the sarcomeric longitudinal 
uscle layout guides the actuation dynamics parallel to the 
NT/GelMA hydrogel lines for exhibiting soft robotic motion 

uring an upward contraction, as presented in Fig. 14 (B). 
Yang et al. [411] investigated microfluidic 3D droplet 

rinting for composite elastomers. The printed composite 
lastomers demonstrated excellent multi-shape (bow- and 

-shaped), multistep (one- and two-step), and multimode 
gradual and sudden), in response to different stimuli such as 
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Table 4 

A summary of recent works about the 3D printing of SRHs developed for different engineering applications 

Stimuli 3D printing SRHs 
Shape change deformation 
mechanisms/programming Applications Ref. 

Temperature Extrusion PNIPAM Sequential shape change Drug delivery device [359] 
Temperature Extrusion PCLA-PEG-PCLA/CNC Bending Tissue scaffolds [360] 
Temperature DIW PNIPAM/CNC Functional property change Biomedical applications [361] 
Temperature DIW AA/CNC Self-healing Wearable sensors [362] 
Temperature Extrusion PDMA/n-octadecyl acrylate Bending Skin-like sensors [363] 
Temperature Extrusion GelMA/rGO Bending Bone tissue scaffolds [364] 
Temperature DLP PEGDMA Folding Microfluidic devices [365] 
Temperature SLA Chitosan/PEGDMA/CNF Folding Tissue scaffolds [366] 
Temperature TPP PNIPAM Folding and unfolding Energy consumption systems [367] 
Temperature TPP PNIPAM Folding and rolling Bionic soft micro-robots [368] 
Temperature μSLA PNIPAM Bending Soft robots [341] 
Temperature DIW PNIPAM/PEGDA/alginate Rolling Hollow tubes for biomedical 

applications 
[369] 

Temperature + ions DIW SAMA/PCLDMA Self-rolling Vascular stent [320] 
NIR light Extrusion Gelatin/ β-TCP/SC Shrinking Bone cancer treatment [370] 
NIR light DIW PDA/PCL Shrinking and bending Localized cancer therapy and wound 

healing 
[371] 

NIR light μSLA PNIPAM/PEGDA/AA Bending Micro-robots [372] 
NIR light + magnetic 
field 

DIW PNIPAM/PEG/Fe 3 O 4 Shrinking, swelling, and flipping Soft carriers [373] 

Light + electricity DLP PNIPAM/graphene Folding Intelligent soft actuators [374] 
Light + solution Extrusion AAm-AAc/CNC Bending and stretching Clinical applications [375] 
Light + humidity + 

temperature 
TPP PEGDA/HAMA Shrinking, swelling, and bending Soft micro-grippers [342] 

Humidity DIW PNIPAM/CNC Bending, twisting, and swelling Self-supporting complex structures [376] 
Humidity Extrusion Agar/soy-protein Swelling Tissue scaffolds [377] 
Humidity DLP PEGDMA Swelling and bending Bionic structures [314] 
Humidity DLP GelMA/PEGDMA Swelling Tissue scaffolds [378] 
Humidity DLW PEGDA/EPOX/Silver particles Swelling 3D cross-shape pattern [379] 
Water DIW GelMA/CNC Contraction and swelling Smart actuators [380] 
Water Extrusion AA-MA and HA-MA Self-folding Tissue vascularization [381] 
Humidity FDM PU/elastomer Folding and twisting Origami structures [382] 
Magnetic field DIW Fe 3 O 4 /PNIPAM Stretching and bending Hyperthermia cancer therapy [383] 
Magnetic field TPP GelMA/Fe 3 O 4 Bending and folding Micro-robots [384] 
Magnetic field TPP GelMA/Fe 3 O 4 Folding, bending, and gripping Milli-grippers [385] 
Magnetic field μSLA Alginate/Mn/CoNiP-based 

layer 
Folding and unfolding Micro-devices for drug delivery [386] 

Magnetic field DLP PEGDA/MNPs – Anti-counterfeiting applications [387] 
Magnetic field DLP Iron particles/PEGDA Folding and bending Magnetic actuators and soft robotics [287] 
Magnetic field DIW Alginate/methylcellulose/ 

PAA 

Rolling, jumping, and bending Smart actuator [242] 

Magnetic field Extrusion Gelatin/carrageenan/Fe 3 O 4 Rolling Intelligent cargo and drug delivery [388] 
Magnetic 
field + temperature 

Vat photo- 
polymerization 

PNIPAM/ laponite 
nanoclay/NdFeB 

Folding and bending Soft millirobots [389] 

Electric field DIW PEGDA/AA Bending Soft actuators [390] 
Electric field DLP PAA Gripping and folding Soft robot [391] 
Electric 
field + magnetic field 

DIW Chitosan/Fe 3 O 4 Bending and gripping Untethered milli-gripper [392] 

Electric + temperature Extrusion κ- and ι-carrageenan Swelling and shrinking Controlled release systems [393] 
pH DLP PEGDA/AA Swelling and shrinking Controlled drug delivery device [394] 
pH Extrusion CMCS/CNC/DOX Swelling Controlled drug delivery for cancer 

treatment 
[395] 

pH TPP PEGDA Swelling Bio-sensors [396] 
pH FDM Peptide Self-assembly Oral delivery for gastrointestinal 

tract treatment 
[397] 

pH SLA PEGDA/HEMA/TPO/AA Swelling and shrinking Smart wound dressings [398] 
pH μSLA AA/PEGDMA Shrinking and swelling Tissue scaffolds [399] 
pH + osmotic 
pressure + temperature 

SLA PNIPAM Swelling and bending Smart actuators [308] 

pH + ions + magnetic 
field + temperature 

TPP PNIPAM/AA Swelling and shrinking Mobile micro-machines [400] 

Ions DIW AA-MA Swelling and shrinking Vascular stents [332] 
Solvent DIW Chitosan/citric acid Bending Soft robots and actuators [319] 
Solvent DLP PUA/acrylamide/AA Stretching and compression Soft lattice structures [315] 
Solvent Extrusion Alginate/methylcellulose Swelling Soft robots [329] 

Solvent + temperature 
DIW PU/CMCS/carbomer Swelling Intelligent robotics and bionic 

prosthetics 
[401] 
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Fig. 14 

(A) CAD and actual images of the 3D-printed soft hydrogel gripper, and demonstration of the objection handling capability of FRESH-printed grippers including 
grabbing, moving, and releasing of various objects, including a sea snail, M3 hex nut, and M3 socket head screw (adapted with permission from ref. [409] under 
the terms of the Creative Commons Attribution license 4.0); (B) Actuation behaviors of biohybrid soft robots; side-angle, and various snapshots of locomotion of 
soft robot during the single stroke of a 1 s recording (no wireless pacing, day 7) (adapted from ref. [410] copyright 2022 Wiley-VCH GmbH); (C) Printed soft robot 
demonstrating its shape morphing behavior through encapsulation and release of a steel ball through deformation and recovery, respectively, with FE simulations 
results and experimental results (adapted from ref. [411] copyright 2023 Wiley-VCH GmbH); (D) Snapshot of measured points of 3D-printed hydrogel actuator 
(adapted with permission from ref. [412] under the terms of the Creative Commons Attribution Non-Commercial No Derivatives 4.0 Licens). 
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emperature, solvent and light. Furthermore, droplet-embedded 

omposite elastomers used for various systems, such as soft 
obots, and biomimetic flowers, and a series of functional 
erformances, as presented in Fig. 14 (C). Likewise, Takishima 
t al. [412] characterized a novel soft actuator through a 3D-
rinted hydrogel that mimics a jellyfish. The actuator parts made
f hydrogels had highly elastic properties and their normalized 

ontraction ratio was very close to the value of moon jellyfish.
he reported results indicated that the 3D-printed actuator is 
ighly promising for a jellyfish-mimic robot, as highlighted in 

ig. 14 (D). 
2 
.2 Tissue engineering and drug delivery 
D-printed SRHs are flourishing due to the appealing advantages 
n drug delivery systems [413–416] . Recently, Chen et al. 
417] designed three-chamber electromagnetic-driven peristaltic 
D-printed micro-pump suing NdFeB/polydimethylsiloxane 
PDMS) film. Insightful results showed that the three-chamber 
alved model performance was optimized for maximum output 
ow and back pressure under synchronous starting conditions for 
dvanced drug delivery systems. 

Narupai et al. [418] investigated 3D-printed protein-based 

rogrammable structure made of hydrogels that can change 
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under multi stimuli such as pH, temperature, or an enzyme.
A DIW-based 3D printing was employed using PNIPAM and
poly(dimethylaminoethyl methacrylate) hydrogels. Thus,
protein-based hydrogels demonstrated remarkable shape
changing behavior under multi stimuli, as depicted in Fig. 15 (A)
which are irreversibly altered by enzymatic degradation.
Promising applications are expected in the control drug delivery
system. 

Significant progress has been made in 3D bioprinting of
conductive hydrogels for producing high-resolution biomimetic
structures with gradual complexity. 3D-printed hydrogels have
unique characteristics such as customizable physicochemical
properties, multiple sensitivities, biodegradability and exceptional
biocompatibility for specific medical treatment conditions. 

Dutta et al. [419] proposed DIW-based highly stable and
conductive polypyrrole (PPy)-grafted GelMA structures. Excellent
shear-thinning properties were achieved due to the triple-cross-
linked hydrogel. Results demonstrated high-resolution biological
architectures had various abilities such as self-support, high
structural stability as presented in Fig. 15 (B) and “plug-like
non-Newtonian” flow behavior with minimal disturbance. Thus
proposed work provides a reliable 3D printing strategy for
the fabrication of GelMA-PPy bioink as tissue engineering
applications. 

Lee et al. [420] 3D-printed multifunctional pollen
grain-inspired hydrogel (MPH) using iron platinum
(FePt)/pentaerythritol triacrylate (PETA)/(PNIPAM)/poly(n-
isopropylacrylamide acrylic acid (PNIPAM-AA). The various
printed structures showed targeted functions: torque-driven
surface rolling and steering under magnetic fields, on-demand
surface attachment (anchoring) under temperature response, and
cargo release under pH-response as depicted in Fig. 15 (C). It was
envisaged that this 3D-printed potential microbot would enhance
projected performance and functional diversity for controlled and
efficient drug delivery as well as tissue engineering applications. 

3D-printed human organs capable of performing similar
human functions are no longer a dream for bioengineers. But
this gap is now bridged thanks to the development of 3D-
printed hydrogels. Recently, bioengineered heart has been printed
from DIW-based 3D printing using alginate/PVA and PNIPAM
hydrogels [421] . Results of this novel study showed that the
integration of a diversified hydrogel family with 3D printing under
a stimulant environment renders an enriched design platform
for bioengineered robotic heart capable of performing beating–
transporting functions as depicted in Fig. 15 (D). 

A rapid orthogonal photo-reactive 3D-printing was used by
Cheng et al. [422] to highlight the role of gelatin-based tough
hydrogels tissue engineering. Results demonstrated 3D-printed
robust hydrogel has outstanding mechanical and wear-resistance
performances, as presented in Fig. 15 (E). Additionally, the 3D-
printed hydrogels exhibited nontoxicity biocompatibility and
antibacterial properties to use as artificial meniscus scaffolds.
Cao et al. [332] prepared stimulus-responsive, methacrylated
alginate (AA-MA) hydrogel inks for 3D printing and demonstrated
their excellent structural resolution properties by immersing the
hydrogel structures in Ca 2 + /chitosan solution. Results showed
that the controllable size of the hydrogel structure was achieved
due to the continuous increase of the crosslinking density of the
hydrogel. This 4D-printed material has similar biocompatibility to
those of sodium alginate (SA) tubular structures and thus can be
used as vascular stents in biomedical applications. 

3.3 Wearable electronics 
The integration of many functions of actuation and sensing would
be considered perfect sensing materials. 3D printing of SRHs has
enormous use in many soft devices such as flexible electronics.
For instance, Wu et al. [423] used poly(acrylic acid (AA)-
N-vinyl-2-pyrrolidone (NVP))/CMC-based hydrogel for printing
ink. Results showed that the printed hydrogel demonstrated
excellent mechanical properties and self-healing characteristics
such as healed stress at 81% and healed strain at 91%.
Various objects like manipulators were successfully customized
using these novel hydrogels by photocurable 3D printing
having high toughness and complex structures and capable of
performing many functions as highlighted in Fig. 16 (A). Thus,
3D-printed high-performance hydrogel are promising materials
such as a flexible wearable sensor. Khoshnoo et al. developed
a novel 3D-printed sensor system using polydimethylsiloxane
(PDMS)/silver NPs materials, for real-time pH monitoring. Results
showed that the 3D-printed nanomaterials on skin-like flexible
substrates enabled multilayer printing of the sensors and reusable
electronic/communication circuity. Furthermore, these sensor
systems demonstrated high sensitivity, mechanical flexibility, and
excellent biocompatibility for several pH ranges (3.0–10.0). As
shown in Fig. 16 (B), the printed sensors demonstrated the pH real-
time monitoring in an ex-situ hydrogel-based wound model [424] .

Recently various ionotropic hydrogels have gained immense
interest in fabricating a wide range of wearable devices, energy
devices and flexible electronics. A novel study by Seong
et al. [425] developed 3D-printed, ionotronic hydrogels through
synergistic dual reversible interactions of PVA, pectin, and tannic
acid (PPT). Results showed that the ionotronic hydrogels exhibited
excellent intrinsic ionic conductivity, self-healing behavior and
complex patterns as wearable strain sensors during real-time
implementation for human motions detection as presented in
Fig. 16 (C 1 )- Fig. 16 (C 2 ). Thus, opening the door for various
wearable healthcare biomedical applications. 

3.4 Food industry 
The fast-evolving plant-based food market ignites the
development of stimuli responsive hydrogels [426–428] . This
technology offers various advantages in terms of personalized
nutrition, customized food, consumer’s criteria of taste,
enhancing the functionality of essential plant-based constituents
[429] , texture, cost, and effective consumption of various types
of food ingredients [430] . In this regard, 3D-printed hydrogels
and various natural polysaccharides have been explored wildly
[431] . Moreover, 3D printing technology with naturally available
hydrogels is now defining new borders for the food industry.
For instance, Maniglia et al. [432] investigated the dry heating
treatment (DHT) effect on wheat starch to improve the printability
of hydrogels inks. Promising results suggested that DHT caused
the expansion of granule size without altering the shape of
the starch granules as presented in Fig. 17 (A). and can be used
23 
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Fig. 15 

(A) Cargo transport and delivery would expand their applications in broader drug delivery field (adapted from ref. [418] copyright 2021 Wiley-VCH GmbH; (B) Weight 
lifting study to evaluate the mechanical stability of the 3D-printed hydrogel (the 3D printing was performed using 90% infill density to maximize the mechanical 
performance), and demonstration of a full-length rat bone structure using GelMA-PPy ink (adapted with permission from ref. [419] copyright 2023 Elsevier Ltd.); 
(C) Schematic depiction of shrinkage of outer crust of MPH robot under temperature-stimulus, microscopic real-time snapshots depicting size changes for outer 
crust structures of PNIPAM hydrogels with changes in temperature, and optical snapshots of the MPH robot with the controlled revelation of spike structures 
under temperature stimulus (adapted with permission from ref. [420] under the terms of the Creative Commons Attribution license 4.0); (D) Schematic and real 
images for beating–transporting functions of bioengineered robotic heart, and pneumatic pumping triggers the beating of the robotic heart (adapted from ref. 
[421] copyright 2019 American Chemical Society); (E) Frictional test of the meniscus-like 3D-printed hydrogels (adapted with permission from ref. [422] copyright 
2023 American Chemical Society). 
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Fig. 16 

(A) Various characteristics and functions of 3D-printed hydrogels: customization of wearable sensors and their corresponding resistance responses including finger- 
cot, k nuck le and manipulator. Resistance responses of finger-cot, k nuck le, and manipulator, finger-cot sensor depicting handwriting function and its resistance 
response, printed parts with varying water content, complex manipulator assembling process, flexible sensors measuring resistance responses at finger bending, 
and hand gestures resistance monitoring by flexible manipulated sensor (adaptedfrom ref. [423] copyright 2021 Wiley-VCH GmbH); (B) the real-time and wireless 
pH measurement of pH changes through novel sensor system attached to the human forearm (adapted from ref. [424] copyright 2023 Wiley-VCH GmbH); (C 1 ) 
Itonotronic PPT hydrogels through 3D printing for wearable strain sensors, DIW of PPT hydrogel, different patterns of 3D-Printed PPT hydrogels, glove-type wearable 
3D-printed sensor having two separate strain gage patterns of PPT hydrogels, and strain gage patterns on a 3D-printed glove sensor measuring relative resistance 
changes under three different bending modes to the fingers, (C 2 ) Wearable strain sensors for measuring relative resistance changes in repeated bending of various 
body parts such as the neck, elbow, and knee (adapted from ref. [425] copyright 2023 American Chemical Society). 

 

 

 

 

 

 

 

 

as suitable ink for 3D printing in food industry applications.
Shanthamma et al. [433] used turmeric powder and sago flour
material for extrusion-based printing that was later immersed
in a sodium bicarbonate (SB) concentration. The effect of pH
stimulus due to SB different concentrations on various 3D-printed
structures was explored for the time-dependent that shifted color
from yellow to orange-red and the conditions were optimized by
taking sensory scores. The proposed technique has huge potential
to be used in the food product industry. 
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Fig. 17 

(A) Various 3D-printed star, heart, and cylindrical shapes hydrogels control wheat starch and improve wheat starch by different dry heating treatments (from left 
to right) (adapted with permission from ref. [432] copyright 2020 Elsevier Ltd.); (B) Images of various 3D-printed hydrogel samples (front and top views) just after 
printing and after being placed for 1 h (adapted with permission from ref. [435] copyright 2022 Elsevier Ltd.); (C) 3D-printed geometries (before and after freeze 
dying) of the various concentration of gelatin-alginate mixture with ratio 2:1. (adapted with permission from ref. [436] copyright 2020 Elsevier Ltd.); (D) Photograph 
of 3D-printed gelatin hydrogel incorporated with unencapsulated and nanoencapsulated bioactives (adapted with permission from ref. [437] copyright 2021 
Elsevier Ltd.); (E) Images of bigels in snowflake (cylindrical and cone models) including front view and vertical view (adapted with permission from ref. [438] copyright 
2022 Elsevier Ltd.). 
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3D printing is now delivering complex architectured foods
which are widely attracted by children, and elderly individuals
[434] . Moreover, 3D-printed foods also have the ability to preserve
key nutrients for healthy intakes, which can easily be swallowed
by elderly people and patients. According to Pan et al. [435] , soy
protein isolate-based hydrogels can be used as a potential 3D-
printed food. Insights of this study suggested thermal treatment
and Flammulina velutipes polysaccharide addition in hydrogels
made them less viscous stable ( > 99.9%), and stronger, with a more
uniform and denser microstructure, as presented in Fig. 17 (B).
Thus, thermal denaturing soy protein with Flammulina velutipes
polysaccharide is effective for the food industry. 

Extrusion-based printing was employed by Kuo et al. [436] for
fabricating the bioscaffold using gelatin and alginate-based
hybrid hydrogels. Texture profile analysis demonstrated excellent
hardness and adhesiveness the bioscaffold produced hybrid gels
of 7%. The 3D-printed bioscaffold after freeze-drying exhibited
reduced water content activity and improved hardness as depicted
in Fig. 17 (C). Leena et al. [437] explored gelatin-based hydrogel
with nanocarriers of zein-based for co-delivery of curcumin
and resveratrol for various 3D-printed customized structures,
as presented in Fig. 17 (D). The added nanoencapsulates of
nutraceuticals demonstrated bioaccessibility of 79% for curcumin
and 82% for resveratrol in zein-PEG core-shell. Thus, proposed
results guided that nutraceutical oral delivery system will be
improved with the developed 3D-printed novel nanoparticles-
based hydrogel model food with various tailored structures. 

Chen et al. [438] prepared bigels systems using a mixture of
hydroxypropyl methylcellulose (HPMC) hydrogels and beeswax
oleogels. From a 3D printing perspective, prepared bigels
with 60% oleogel content flourished printing capability, while
inhomogeneity of semi-bicontinuous bigels resulted in poor
extrusion capability. The prepared 3D-printed bigels as depicted
in Fig. 17 (E) can replace conventional solid fat and specific design
appearance for food products. It was envisaged bigels systems will
be a potent for food 3D printing. 

3.5 Electromagnetic interference shielding 

Electromagnetic interference (EMI) is used to block interferences
and cross-talk for captivating miniaturization of electronics
and telecommunications devices [439] . 3D-printed ‘intelligent’
materials and ‘smart’ structures have excellent to produce
these devices for the aircraft and defense industry [440–442] .
Many researchers have attempted to develop EMI using smart
structures with polymers and hybrid hydrogels. Menon et al.
[443] developed 3D-printed shape memory PU structures with
silver coating as depicted in Fig. 18 (A) for EMI shielding. Results
showed that excellent shape memory properties of PU were further
improved due to poly dopamine (PDA) coating and electroless
deposition. Thus potential to use as shape memory triggered
actuators for EMI applications. However real breakthrough was
provided by Liu et al. [444] by developing novel Ti 3 C 2 -MXene-
functionalized conductive hydrogel inks for 3D printing. The
proposed MXene/Poly(3,4-ethylenedioxythiophene), polystyrene
sulfonate (PEDOT: PSS) hydrogels demonstrated excellent
flexibility, stretchability, and mechanical properties such as
fatigue resistance. This study provides a unique strategy for
fabricating printed hydrogel for customizable EMI-shielding
applications, as revealed in Fig. 18 (B). 

Erfanian et al. [445] proposed that nano-fibrillated
cellulose/GO-based hydrogel through DIW has high potential
as EMI shielding materials, as presented in Fig. 18 (C) and
lightweight electronics applications. High-resolution DIW in the
proposed study was achieved by treating cellulosic component,
with ((2,2,6,6-tetrame-thylpiperidin-1-yl) oxidanyl (TEMPO),
resulting in better-quality colloidal dispersion and the rheological
properties of inks. Furthermore, higher mechanical properties,
such as compression modulus (250–1096 kPa) and EMI shielding
(55.6 dB) were reported. 

3.6 Anti-counterfeiting 

Information safety has always been a threat since ancient times.
With globalization, consumers have unprecedented access to
products. Consumers, however, have also been exposed to a wide
range of counterfeit products as a result of this ease of access
[446–448] . Chen et al. [449] reported an interesting approach
using 3D-printed (visible light photochemistry) hydrogel objects
for direct encryption. The proposed approach is further improved
by UV light for activating geometrically complex surfaces, which
results in the dissociation of ortho-nitrobenzyl ester units in a
spatioselective manner for information coding as presented in
Fig. 19 (A). This facile and general strategy opens up the possibility
of multi-functional 3D-printing of hydrogel origami for data
information encryption and protection. 

Switchable surfaces are pivotal for many functional materials.
It triggers shape morphing behaviors through its dynamic
texture but the construction of dynamic surface textures is
quite challenging because it involves surface patterning and
complicated structural design. The solution to this problem was
solved by Li et al. [450] who studied a pruney finger-inspired
switchable surface (PFISS) using PDMS having water-sensitive
surface textures through DIW. The PDMS had water absorption–
desorption characteristics which actuate hygroscopicity of the
inorganic salt filler. Results showed that the PFISS demonstrated
high water sensitivity similar to human fingertips as presented
in Fig. 19 (B) with clear surface variation in wet and dry states.
Furthermore, the developed PFISS performed a good antislip effect
and effective regulation of surface friction. Thus proposed has
huge potential to be used in a wide range of switchable surfaces. 

Encryption on complex 3D objects holds great promise
in information security. For instance, Zhang et al.
[451] demonstrated an anti-counterfeiting platform through
fluorescent-PVA/gelatin hydrogel. Data encryption capability
had extended from single 2D planes to complex 3D hydrogel
origami geometries with excellent shape memory, and self-
healing properties triggered under borax. Moreover, the 3D
anti-counterfeiting platform exhibited superior robustness for
data encryption inside complex 3D hydrogel origami structures
under UV light immunization, as depicted in Fig. 19 (C). Thus,
developed multi-functional 3D fluorescent hydrogels can
potentially be applied in more reliable encryption products
and beyond information protection. 

Encryption technologies are critical for anti-counterfeiting
as well as information security. It is particularly concerning
27 
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Fig. 18 

(A) 3D-printed colorless structures, PDA/PU coated 3 mm square meshes, and 3Dprinted silver and PDA coated structures (adapted from ref. [443] copyright 2023 
Royal Society of Chemistry (RSC)); (B) Images of the as-printed architectures before and after various post-treatments, Shielding mechanism schematic illustration, 
and images revealing the potential of 4D-printed hydrogel structures perfectly fit the target device (adapted from ref. [444] copyright 2021 Wiley-VCH GmbH); (C) 
Schematic depiction of DIW-based printing of novel cellulose nanofibril/GO ink for EMI shielding (adapted with permission from ref. [445] copyright 2023 Elsevier 
Ltd. ). 
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hen vaccines, antibiotics, and other life-saving commodities are 
argeted [452 , 453] . Despite the difficulty of imitating the products
hemselves, labels and packaging are easily manipulated. There 
re two common counterfeiting strategies: tampering with the 
etails on authentic packaging (e.g., changing the expiration 

ate), and using authentic packaging to pass off counterfeit 
roducts as real [454 , 455] . Nawaz et al. [456] developed a cellulose
cetate-based fluorescent pH sensor for sensing intense acidity 
nd alkalinity conditions using a cross-linking agent such as 
,4 

′ -diphenylmethane diisocyanate (MDI). The prepared material 
xhibited aqua blue fluorescence and demonstrated extreme pH 
8 
ensing applications for various pH conditions such as extreme 
cidic and alkaline pH by visual and fluorescence color change 
esponse under a narrow pH range as highlighted in Fig. 19 (D).
his work holds great promise security printing, and smart food 

ackaging and printing applications. 

 Summary and future outlook 

D printing techniques are now in continuous evolution. With 

ime, new materials and techniques are being discovered, and so as
or printers, which will be offering high resolution of printed parts
ith mass production similar to the casting, rolling and extrusion 
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Fig. 19 

(A) Encryption and decryption performance of printed hydrogel under a UV backlight source recorded by a conventional camera. Single-stage encryption and 
decryption processes, butterfly-shaped hydrogel sequence patterning, and multistage encr yption using a puzzle librar y (adapted from ref. [449] copyright 2023 
Wiley-VCH GmbH); (B) Design and fabrication of the PFISS-based finger prototype (adapted from ref. [450] copyright 2023 American Chemical Society); (C) 
Fluorescence-based 3D anti-counterfeiting platform demonstrating through encryption and decryption various messages printed in 2D hydrogel films including 
“UCAS,” “Q1A2Z3,” and “Attitude is everything” messages (data were successfully encoded inside the 3D hydrogel geometries) (adapted from ref. [451] copyright 
2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim); (D) Developed Lum-MDI-CA solutions for different pH sensing and its potential applications in security 
printing and smart packaging (adapted from ref. [456] copyright 2023 American Chemical Society). 

 

 

 

 

 

 

 

[457] . Many envision that in the near future, the maturity of
bioprinting technologies using hybrid living materials and bio-
instructive materials with hydrogels will lead to the production
of self-sufficient and self-regenerating structures for biomedical
applications [458] . Fig. 20 depicts current challenges and future
research directions for 3D-printed SRHs. 

Despite the fact that 3D printing uses the least amount of
energy from all the traditional manufacturing techniques its
29 
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Fig. 20 

Current challenges and future research directions in the field of 3D printing of SRHs. 
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mplementation from the design phase to its targeted applications 
s still complex [459–461] . There is no adaptability or longevity to
he current 3D-printed systems. This problem can be solved by
aturally-produced hydrogel materials such as starch, chitosan, 
ellulose, and alginate etc., Naturally, hydrogel materials have the 
bility to hold a lot of water due to their hydrophilic nature which
imits their applications [462–464] . This can be tackled by devising
 facile cross-linker and well-controlled polymerization rate for 
heir effective 3D printing, particularly for precisely customized 

tructures in soft robotics applications. 
Soft robotics is a fast-growing field [465] . Due to their huge

rospects in medical care, complex terrain exploration, and 

earable and implantable devices [466] . Moreover, in the last
ew years, integration and miniaturization have been some of 
he major challenges faced by researchers today, particularly 
or soft pneumatic robotics [467–469] . Shape-morphing behavior 
f stimuli-responsive hydrogel materials has conversely been at 
he core of large efforts for fabricating novel composite frame–

embrane structures to produce untether soft actuators that can 

ense their motions [470–472] . With the addition of renewable
anomaterials such as cellulose and synthetic graphene, CNTs 
ot only bestow good printability to the hydrogel inks but also
olve many issues such as brittleness resulting in more responsive
ydrogel structures [473–475] . A broad range of applications 
ould be developed and implemented by combining renewable 
anomaterials with hydrogel materials. 

3D printing of complex hydrogel structures is quite challenging 
ue to the poor printability of extremely soft materials such as
ydrogels in which ideal shear-thinning, and poor shape fidelity 
f printed patterns are hindering the progress of DIW printing
0 
476–478] . However, these challenges somehow can be resolved 

y optimizing hydrogels’ rheological characteristics. However, the 
ack of an effective cross-linking strategy which is capable of 
elivering higher print fidelity with excellent biofunctionality and 

ppropriate yield strength, is still challenging for fabricating cell- 
aden structures that have great potential to benefit hydrogels 
ioprinting [ 479 , 480 ]. Various biocompatible and rheological 
haracteristics of hydrogel materials through 3D printing must 
e explored further to avoid their immature response and 

ny uncontrolled triggering for any unknown stimulant. Thus, 
esearchers need to move with precautions for evaluating all 
ossible mechanisms behind this technology for their complete 
nderstanding [481] . Moreover, 3D printing of hydrogels with 

raphene, CNT, and other nanomaterials for health-related 

erspective must be considered. For instance, any possible 
mmune response must be evaluated [482] . In addition to that,
ne further open question in the field i.e., stimuli response of
ydrogels can be dangerous and uncontrollable? 

Finally, the intended framework capabilities such as controlled 

latform and high-end simulation have the potential to 

rovide more knowledge on 4D printing and various complex 

echanisms, such as metamaterial-based structures in various 
nvironmental interactions [483] . Continuous improvement in 

rinting processes through artificial intelligence and machine 
earning will boost the capability of computational models for 
oth optimizing and improving the performance of printed 

aterials. This area lately has aroused enormous academic 
uriosity. Thus, the newly evolved frameworks will ultimately 
esign the structural part capable of performing satisfactorily and 

ill meet the practical applications. 
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We highlighted that applications of 3D-printed hydrogels in
anti-counterfeiting, soft robotics, and food industries are still
in their infancy and are limited to laboratory scales. We have
highlighted some of the main bottlenecks in their vast production
particularly through the DIW for printing the actuators with
some curvatures and suspended structures, which may collapse
in DIW due to the force of gravity. In comparison, TPP, DLP and
FDM have various advantages of wide adaptability, no particle
sedimentation, low cost, and simple principle. Moreover, in a
FDM system, the molten material can be cooled rapidly, which
provides support for subsequently printed structures. Thus, the
control of the transformations of the complex parts can start mass
production on a large scale. 

In this review, we introduced a series of SRHs, their shape-
morphing mechanisms and their various applications. The
classification of SRHs in this review is based on relevant
AM techniques where the stimulus mechanism opens up an
innovative solution, and discusses the challenges faced by
researchers in the respective fields. It is hoped that this review
will deepen the understanding of the SRHs including their
applications. 

Funding 

M Hossain acknowledges the support of the Royal Society through
the International Exchange Grant ( IEC/NSFC/211316 ) with the
National Natural Science Foundation of China (NSFC). 

Declaration of Competing Interest 
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

References 
[1] Y. Bozkurt, E. Karayel, 3D printing technology; methods, biomedical

applications, future opportunities and trends, J. Mater. Res. Technol. 14 (2021)
1430–1450, doi: 10.1016/j.jmrt.2021.07.050 . 

[2] H. Li, W. Fan, X. Zhu, Three-dimensional printing: the potential technology
widely used in medical fields, J. Biomed. Mater. Res. Part A 108 (11) (2020) 2217–
2229, doi: 10.1002/jbm.a.36979 . 

[3] M.S. Tareq, T. Rahman, M. Hossain, P. Dorrington, Additive manufacturing and
the COVID-19 challenges: an in-depth study, J. Manuf. Syst. 60 (2021) 787–798,
doi: 10.1016/j.jmsy.2020.12.021 . 

[4] M.Y. Khalid, Z.U. Arif, R. Noroozi, M. Hossain, S. Ramakrishna, R. Umer, 3D/4D
printing of cellulose nanocrystals-based biomaterials: additives for sustainable
applications, Int. J. Biol. Macromol. 251 (2023) 126287, doi: 10.1016/j.ijbiomac.
2023.126287 . 

[5] A. Bandyopadhyay, S. Vahabzadeh, A. Shivaram, S. Bose, Three-dimensional
printing of biomaterials and soft materials, MRS Bul.l 40 (12) (2015) 1162–1169,
doi: 10.1557/mrs.2015.274 . 

[6] S. Rouf, et al., Additive manufacturing technologies: industrial and medical
applications, Sustain. Oper. Comput. 3 (2022) 258–274, doi: 10.1016/j.susoc.
2022.05.001 . 

[7] M.A. Ali, M. Rajabi, S. Sudhir Sali, Additive manufacturing potential for medical
devices and technology, Curr. Opin. Chem. Eng. 28 (2020) 127–133, doi: 10.
1016/j.coche.2020.05.001 . 

[8] Z.U. Arif, et al., Additive manufacturing of sustainable biomaterials for
biomedical applications, Asian J. Pharm. Sci. 18 (3) (2023) 100812, doi: 10.1016/
j.ajps.2023.100812 . 

[9] M. Javaid, A. Haleem, Additive manufacturing applications in medical cases: a
literature based review, Alexandria J. Med. 54 (4) (2018) 411–422, doi: 10.1016/
j.ajme.2017.09.003 . 
[10] T. Tom, et al., Additive manufacturing in the biomedical field-recent research
developments, Results Eng 16 (2022) 100661, doi: 10.1016/j.rineng.2022.
100661 . 

[11] Y. Li, et al., Additive manufacturing of vascular stents, Acta Biomater (2023),
doi: 10.1016/j.actbio.2023.06.014 . 

[12] F. Garcia-Villen, et al., Three-dimensional printing as a cutting-edge, versatile
and personalizable vascular stent manufacturing procedure: toward tailor-made
medical devices, Int. J. Bioprinting 9 (2) (2023), doi: 10.18063/ijb.v9i2.664 . 

[13] V.K. Balla, K.H. Kate, J. Satyavolu, P. Singh, J.G.D. Tadimeti, Additive
manufacturing of natural fiber reinforced polymer composites: processing and
prospects, Compos. Part B Eng. 174 (March) (2019) 106956, doi: 10.1016/j.
compositesb.2019.106956 . 

[14] A. Mohammed, et al., Review on engineering of bone scaffolds using
conventional and additive manufacturing technologies, 3D Print. Addit. Manuf.
(2023), doi: 10.1089/3dp.2022.0360 . 

[15] L.P. Muthe, K. Pickering, C. Gauss, A review of 3D/4D printing of poly-lactic
acid composites with bio-derived reinforcements, Compos. Part C Open Access
8 (2022) 100271, doi: 10.1016/j.jcomc.2022.100271 . 

[16] G. Stano, G. Percoco, Additive manufacturing aimed to soft robots fabrication: a
review, Extrem. Mech. Lett. 42 (2021) 101079, doi: 10.1016/j.eml.2020.101079 . 

[17] G. Guggenbiller, S. Brooks, O. King, E. Constant, D. Merckle, A.C. Weems, 3D
printing of green and renewable polymeric materials: toward greener additive
manufacturing, ACS Appl. Polym. Mater. 5 (5) (2023) 3201–3229, doi: 10.1021/
acsapm.2c02171 . 

[18] S. Simorgh, et al., Additive manufacturing of bioactive glass biomaterials,
Methods (2022), doi: 10.1016/j.ymeth.2022.10.010 . 

[19] L. Sun, Y. Wang, S. Zhang, H. Yang, Y. Mao, 3D bioprinted liver tissue and disease
models: current advances and future perspectives, Biomater. Adv. (2023) 213499,
doi: 10.1016/j.bioadv.2023.213499 . 

[20] C. Garot, G. Bettega, C. Picart, Additive manufacturing of material scaffolds for
bone regeneration: toward application in the clinics, Adv. Funct. Mater. 31 (5)
(2021) 2006967, doi: 10.1002/adfm.202006967 . 

[21] K. Kour, R. Kumar, G. Singh, G. Singh, S. Singh, K. Sandhu, Additive
manufacturing of polylactic acid-based nanofibers composites for innovative
scaffolding applications, Int. J. Interact. Des. Manuf. (2023), doi: 10.1007/
s12008- 023- 01435- 0 . 

[22] R. Chaudhary, P. Fabbri, E. Leoni, F. Mazzanti, R. Akbari, C. Antonini, Additive
manufacturing by digital light processing: a review, Prog. Addit. Manuf. 8 (2)
(2023) 331–351, doi: 10.1007/s40964- 022- 00336- 0 . 

[23] S.A. Ojo, D.V. Abere, H.O. Adejo, R.A. Robert, K.M. Oluwasegun, Additive
manufacturing of hydroxyapatite-based composites for bioengineering
applications, Bioprinting 32 (2023) e00278, doi: 10.1016/j.bprint.2023.e00278 . 

[24] J. Zhang, et al., Advances in 4D printed shape memory polymers: from 3d
printing, smart excitation, and response to applications, Adv. Mater. Technol.
n/a (n/a) (Mar. 2022) 2101568, doi: 10.1002/admt.202101568 . 

[25] A. Ghilan, A.P. Chiriac, L.E. Nita, A.G. Rusu, I. Neamtu, V.M. Chiriac, Trends
in 3D printing processes for biomedical field: opportunities and challenges, J.
Polym. Environ. 28 (5) (2020) 1345–1367, doi: 10.1007/s10924- 020- 01722- x . 

[26] Q. Ge, B. Jian, H. Li, Shaping soft materials via digital light processing-based 3D
printing: a review, Forces Mech. 6 (2022) 100074, doi: 10.1016/j.finmec.2022.
100074 . 

[27] Y. Wang, H. Cui, T. Esworthy, D. Mei, Y. Wang, L.G. Zhang, Emerging 4D
printing strategies for next-generation tissue regeneration and medical devices,
Adv. Mater. n/a (n/a) (2021) 2109198, doi: 10.1002/adma.202109198 . 

[28] A. Megdich, M. Habibi, L. Laperrière, A review on 4D printing: material
structures, stimuli and additive manufacturing techniques, Mater. Lett. 337
(2023) 133977, doi: 10.1016/j.matlet.2023.133977 . 

[29] E. Pei, G.H. Loh, Technological considerations for 4D printing: an overview,
Prog. Addit. Manuf. 3 (1) (2018) 95–107, doi: 10.1007/s40964- 018- 0047- 1 . 

[30] M.Y. Khalid, Z.U. Arif, W. Ahmed, R. Umer, A. Zolfagharian, M. Bodaghi,
4D printing: technological developments in robotics applications, Sensors
Actuators A Phys (2022) 113670, doi: 10.1016/j.sna.2022.113670 . 

[31] Z.U. Arif, M.Y. Khalid, A. Zolfagharian, M. Bodaghi, 4D bioprinting of
smart polymers for biomedical applications: recent progress, challenges,
and future perspectives, React. Funct. Polym. (2022) 105374, doi: 10.1016/j.
reactfunctpolym.2022.105374 . 

[32] M.Y. Khalid, Z.U. Arif, W. Ahmed, 4D printing: technological and manufacturing
renaissance, Macromol. Mater. Eng. (2022), doi: 10.1002/mame.202200003 . 

[33] M.Y. Khalid, Z.U. Arif, R. Noroozi, A. Zolfagharian, M. Bodaghi, 4D printing
of shape memory polymer composites: a review on fabrication techniques,
applications, and future perspectives, J. Manuf. Process. 81 (2022) 759–797,
doi: 10.1016/j.jmapro.2022.07.035 . 

[34] S. Saska, L. Pilatti, A. Blay, J.A. Shibli, Bioresorbable Polymers: advanced
Materials and 4D Printing for Tissue Engineering, Polymers (Basel) 13 (4) (2021),
doi: 10.3390/polym13040563 . 

[35] B.Mena Barreto dos Santos, G. Littlefair, S. Singamneni, From 3D to 4D printing:
a review, Mater. Today Proc. (2023), doi: 10.1016/j.matpr.2023.05.707 . 
31 

https://doi.org/10.13039/501100000288
https://doi.org/10.13039/501100001809
https://doi.org/10.1016/j.jmrt.2021.07.050
https://doi.org/10.1002/jbm.a.36979
https://doi.org/10.1016/j.jmsy.2020.12.021
https://doi.org/10.1016/j.ijbiomac.2023.126287
https://doi.org/10.1557/mrs.2015.274
https://doi.org/10.1016/j.susoc.2022.05.001
https://doi.org/10.1016/j.coche.2020.05.001
https://doi.org/10.1016/j.ajps.2023.100812
https://doi.org/10.1016/j.ajme.2017.09.003
https://doi.org/10.1016/j.rineng.2022.100661
https://doi.org/10.1016/j.actbio.2023.06.014
https://doi.org/10.18063/ijb.v9i2.664
https://doi.org/10.1016/j.compositesb.2019.106956
https://doi.org/10.1089/3dp.2022.0360
https://doi.org/10.1016/j.jcomc.2022.100271
https://doi.org/10.1016/j.eml.2020.101079
https://doi.org/10.1021/acsapm.2c02171
https://doi.org/10.1016/j.ymeth.2022.10.010
https://doi.org/10.1016/j.bioadv.2023.213499
https://doi.org/10.1002/adfm.202006967
https://doi.org/10.1007/s12008-023-01435-0
https://doi.org/10.1007/s40964-022-00336-0
https://doi.org/10.1016/j.bprint.2023.e00278
https://doi.org/10.1002/admt.202101568
https://doi.org/10.1007/s10924-020-01722-x
https://doi.org/10.1016/j.finmec.2022.100074
https://doi.org/10.1002/adma.202109198
https://doi.org/10.1016/j.matlet.2023.133977
https://doi.org/10.1007/s40964-018-0047-1
https://doi.org/10.1016/j.sna.2022.113670
https://doi.org/10.1016/j.reactfunctpolym.2022.105374
https://doi.org/10.1002/mame.202200003
https://doi.org/10.1016/j.jmapro.2022.07.035
https://doi.org/10.3390/polym13040563
https://doi.org/10.1016/j.matpr.2023.05.707


Giant, 17, 2024, 100209 

Full-length
 article

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3

[36] Z.U. Arif, M.Y. Khalid, W. Ahmed, H. Arshad, A review on four-dimensional
bioprinting in pursuit of advanced tissue engineering applications, Bioprinting 
(2022) e00203, doi: 10.1016/J.BPRINT.2022.E00203 . 

[37] A. Zolfagharian, M.A.P. Mahmud, S. Gharaie, M. Bodaghi, A.Z. Kouzani,
A. Kaynak, 3D/4D-printed bending-type soft pneumatic actuators: fabrication, 
modelling, and control, Virtual Phys. Prototyp. 15 (4) (2020) 373–402, doi: 10.
1080/17452759.2020.1795209 . 

[38] S. Liu, et al., 4D printing of shape memory epoxy for adaptive dynamic
components, Adv. Mater. Technol. 8 (12) (2023) 2202004, doi: 10.1002/admt.
202202004 . 

[39] A.Y. Lee, A. Zhou, J. An, C.K. Chua, Y. Zhang, Contactless reversible 4D-printing
for 3D-to-3D shape morphing, Virtual Phys. Prototyp. 15 (4) (2020) 481–495,
doi: 10.1080/17452759.2020.1822189 . 

[40] Y. Bin Lee, O. Jeon, S.J. Lee, A. Ding, D. Wells, E. Alsberg, Four-
dimensional materials: induction of four-dimensional spatiotemporal geometric 
transformations in high cell density tissues via shape-changing hydrogels (Adv.
Funct. Mater. 24/2021), Adv. Funct. Mater. 31 (24) (2021) 2170176, doi: 10.1002/
adfm.202170176 . 

[41] M.S. Khan, et al., Raw materials, technology, healthcare applications, patent 
repository and clinical trials on 4D printing technology: an updated review,
Pharmaceutics 15 (1) (2023), doi: 10.3390/pharmaceutics15010116 . 

[42] S. Shakibania, L. Ghazanfari, M. Raeeszadeh-Sarmazdeh, M. Khakbiz, Medical 
application of biomimetic 4D printing, Drug Dev. Ind. Pharm. 47 (4) (Apr. 2021)
521–534, doi: 10.1080/03639045.2020.1862179 . 

[43] H. Ding, X. Zhang, Y. Liu, S. Ramakrishna, Review of mechanisms and
deformation behaviors in 4D printing, Int. J. Adv. Manuf. Technol. 105 (11)
(2019) 4633–4649, doi: 10.1007/s00170- 019- 03871- 3 . 

[44] N. Agarwal , et al. , 4-Dimensional printing: exploring current and future
capabilities in biomedical and healthcare systems—A Concise review, Front 
Bioeng Biotechnol 11 (2023) . 

[45] A. Andreu, et al., 4D printing materials for vat photopolymerization, Addit.
Manuf. 44 (Aug. 2021) 102024, doi: 10.1016/J.ADDMA.2021.102024 . 

[46] T. Agarwal, et al., 4D printing in biomedical applications: emerging trends
and technologies, J. Mater. Chem. B 9 (37) (2021) 7608–7632, doi: 10.1039/
D1TB01335A . 

[47] A. Wazeer, A. Das, A. Sinha, K. Inaba, S. Ziyi, A. Karmakar, Additive
manufacturing in biomedical field: a critical review on fabrication method,
materials used, applications, challenges, and future prospects, Prog. Addit. 
Manuf. (2022), doi: 10.1007/s40964- 022- 00362- y . 

[48] Y.S. Alshebly, M. Nafea, M.S. Mohamed Ali, H.A.F. Almurib, Review on recent
advances in 4D printing of shape memory polymers, Eur. Polym. J. 159 (2021)
110708, doi: 10.1016/J.EURPOLYMJ.2021.110708 . 

[49] D.G. Tamay, T. Dursun Usal, A.S. Alagoz, D. Yucel, N. Hasirci, V. Hasirci, 3D
and 4D printing of polymers for tissue engineering applications, Front. Bioeng.
Biotechnol. 7 (2019) 164, doi: 10.3389/fbioe.2019.00164 . 

[50] W. Zhao, C. Yue, L. Liu, Y. Liu, J. Leng, Research progress of shape memory
polymer and 4D printing in biomedical application, Adv. Healthc. Mater. n/a
(n/a) (2022) 2201975, doi: 10.1002/adhm.202201975 . 

[51] M. Chen, M. Gao, L. Bai, H. Zheng, H.J. Qi, K. Zhou, Recent advances in 4D
printing of liquid crystal elastomers, Adv. Mater. n/a (n/a) (2022) 2209566,
doi: 10.1002/adma.202209566 . 

[52] Y. Deng, et al., 4D printed orbital stent for the treatment of enophthalmic
invagination, Biomaterials 291 (2022) 121886, doi: 10.1016/j.biomaterials.2022. 
121886 . 

[53] U.Kumar Vates Ayushi, S. Mishra, N. Jee Kanu, Biomimetic 4D printed materials:
a state-of-the-art review on concepts, opportunities, and challenges, Mater. 
Today Proc. 47 (2021) 3313–3319, doi: 10.1016/j.matpr.2021.07.148 . 

[54] J. Sonatkar, B. Kandasubramanian, S.Oluwarotimi Ismail, 4D printing: pragmatic 
progression in biofabrication, Eur. Polym. J. (2022) 111128, doi: 10.1016/j.
eurpolymj.2022.111128 . 

[55] A.J. Boydston, et al., Additive manufacturing with stimuli-responsive materials, 
J. Mater. Chem. A 6 (42) (2018) 20621–20645, doi: 10.1039/C8TA07716A . 

[56] M. Javaid, A. Haleem, Significant advancements of 4D printing in the field of
orthopaedics, J. Clin. Orthop. Trauma 11 (2020) S485–S490 Jul., doi: 10.1016/J.
JCOT.2020.04.021 . 

[57] D.B. Mahmoud, M. Schulz-Siegmund, Utilizing 4D printing to design smart
gastroretentive, esophageal, and intravesical drug delivery systems, Adv. 
Healthc. Mater. 12 (10) (2023) 2202631, doi: 10.1002/adhm.202202631 . 

[58] K.L. Ameta, V.S. Solanki, V. Singh, A.P. Devi, R.S. Chundawat, S. Haque,
Critical appraisal and systematic review of 3D & 4D printing in sustainable
and environment-friendly smart manufacturing technologies, Sustain. Mater. 
Technol. 34 (2022) e00481, doi: 10.1016/j.susmat.2022.e00481 . 

[59] Y. Zhou, et al., From 3D to 4D printing: approaches and typical applications, J.
Mech. Sci. Technol. 29 (10) (2015) 4281–4288, doi: 10.1007/s12206- 015- 0925- 0 .

[60] Y.S. Alshebly, M. Nafea, Effects of printing parameters on 4D-printed PLA
actuators, Smart Mater. Struct. 32 (6) (2023) 64008, doi: 10.1088/1361-665X/
acd504 . 
2 
[61] A. Chinnakorn, W. Nuansing, M. Bodaghi, B. Rolfe, A. Zolfagharian, Recent 
progress of 4D printing in cancer therapeutics studies, SLAS Technol (2023), 
doi: 10.1016/j.slast.2023.02.002 . 

[62] Z.X. Khoo, et al., 3D printing of smart materials: a review on recent progresses
in 4D printing, Virtual Phys. Prototyp. 10 (3) (Jul. 2015) 103–122, doi: 10.1080/
17452759.2015.1097054 . 

[63] H. Chu , et al. , 4D printing: a review on recent progresses, Micromachines (Basel)
11 (9) (2020) 796 . 

[64] P. Pingale, S. Dawre, V. Dhapte-Pawar, N. Dhas, A. Rajput, Advances in 4D
printing: from stimulation to simulation, Drug Deliv. Transl. Res. 13 (1) (2023)
164–188, doi: 10.1007/s13346- 022- 01200- y . 

[65] Y.L. Tee, P. Tran, On bioinspired 4d printing: materials, design and potential
applications, Aust. J. Mech. Eng. (2021) 1–11, doi: 10.1080/14484846.2021. 
1988434 . 

[66] N.J. Castro, C. Meinert, P. Levett, D.W. Hutmacher, Current developments in 
multifunctional smart materials for 3D/4D bioprinting, Curr. Opin. Biomed. 
Eng. 2 (2017) 67–75, doi: 10.1016/j.cobme.2017.04.002 . 

[67] S.S. Mohol, V. Sharma, Functional applications of 4D printing: a review, Rapid
Prototyp. J. 27 (8) (2021) 1501–1522, doi: 10.1108/RPJ- 10- 2020- 0240 . 

[68] S.K. Melly, L. Liu, Y. Liu, J. Leng, On 4D printing as a revolutionary fabrication
technique for smart structures, Smart Mater. Struct. 29 (8) (2020) 83001, doi: 10.
1088/1361-665x/ab9989 . 

[69] M. Zare, M.P. Prabhakaran, N. Parvin, S. Ramakrishna, Thermally-induced two- 
way shape memory polymers: mechanisms, structures, and applications, Chem. 
Eng. J. 374 (2019) 706–720, doi: 10.1016/j.cej.2019.05.167 . 

[70] Z. Fu, L. Ouyang, R. Xu, Y. Yang, W. Sun, Responsive biomaterials for 3D
bioprinting: a review, Mater. Today (2022), doi: 10.1016/j.mattod.2022.01.001 . 

[71] A. Kirillova, L. Ionov, Shape-changing polymers for biomedical applications, J. 
Mater. Chem. B 7 (10) (2019) 1597–1624, doi: 10.1039/C8TB02579G . 

[72] J.M. Korde, B. Kandasubramanian, Fundamentals and effects of biomimicking 
stimuli-responsive polymers for engineering functions, Ind. Eng. Chem. Res. 58 
(23) (2019) 9709–9757, doi: 10.1021/acs.iecr.9b00683 . 

[73] C. Garcia, et al., Smart pH-responsive antimicrobial hydrogel scaffolds prepared 
by additive manufacturing, ACS Appl. Bio Mater. 1 (5) (2018) 1337–1347, doi: 10.
1021/acsabm.8b00297 . 

[74] C.A. Spiegel, et al., 4D printing at the microscale, Adv. Funct. Mater. 30 (26)
(2020) 1907615, doi: 10.1002/adfm.201907615 . 

[75] Y. Mao , et al. , 3D printed reversible shape changing components with stimuli
responsive materials, Sci. Rep. 6 (1) (2016) 1–13 . 

[76] M. Bercea, Bioinspired hydrogels as platforms for life-science applications: 
challenges and opportunities, Polymers (Basel) 14 (12) (2022), doi: 10.3390/ 
polym14122365 . 

[77] F. Momeni, J. Ni, Laws of 4D printing, Engineering 6 (9) (2020) 1035–1055,
doi: 10.1016/j.eng.2020.01.015 . 

[78] M.R. Maurya, K.K. Sadasivuni, S. Kazim, J.V.S.K.V Kalyani, J.-J. Cabibihan, and 
S. Ahmad, “Advances in 4D Printing of Shape-Memory Materials: Current Status 
and Developments BT - Shape Memory Composites Based on Polymers and 
Metals for 4D Printing: Processes, Applications and Challenges,” M. R. Maurya, 
K. K. Sadasivuni, J.-J. Cabibihan, S. Ahmad, and S. Kazim, Eds. Cham: Springer
International Publishing, 2022, pp. 1–27. doi: 10.1007/978- 3- 030- 94114- 7 _ 1 . 

[79] T.-S. Jang , H.-D. Jung , H.M. Pan , W.T. Han , S. Chen , J. Song , 3D printing
of hydrogel composite systems: recent advances in technology for tissue 
engineering, Int. J. Bioprinting 4 (1) (2018) . 

[80] M. Ding, et al., Multifunctional soft machines based on stimuli-responsive 
hydrogels: from freestanding hydrogels to smart integrated systems, Mater. 
Today Adv. 8 (2020) 100088, doi: 10.1016/j.mtadv.2020.100088 . 

[81] S. Mallakpour, E. Azadi, C.M. Hussain, State-of-the-art of 3D printing technology 
of alginate-based hydrogels—an emerging technique for industrial applications, 
Adv. Colloid Interface Sci. 293 (2021) 102436, doi: 10.1016/j.cis.2021.102436 . 

[82] M. Champeau, D.A. Heinze, T.N. Viana, E.R. de Souza, A.C. Chinellato, S. Titotto,
4D printing of hydrogels: a review, Adv. Funct. Mater. 30 (31) (2020) 1910606,
doi: 10.1002/adfm.201910606 . 

[83] Z. Han, J. Zhang, Rapid-responsive hydrogel actuators with hierarchical 
structures: strategies and applications, ACS Appl. Polym. Mater. 5 (7) (2023) 
4605–4620, doi: 10.1021/acsapm.3c00325 . 

[84] D. Yoon, S. Park, S. Park, Smart hydrogel structure for microbiome sampling
in gastrointestinal tract, Sensors Actuators B Chem 389 (2023) 133910, doi: 10.
1016/j.snb.2023.133910 . 

[85] M. Rahimnejad, et al., Stimuli-responsive biomaterials: smart avenue toward 
4D bioprinting, Crit. Rev. Biotechnol. (2023) 1–32, doi: 10.1080/07388551.2023. 
2213398 . 

[86] S.-J. Jeon, A.W. Hauser, R.C. Hayward, Shape-morphing materials from stimuli- 
responsive hydrogel hybrids, Acc. Chem. Res. 50 (2) (2017) 161–169, doi: 10.
1021/acs.accounts.6b00570 . 

[87] S.S. Siwal, K. Mishra, A.K. Saini, W.F. Alsanie, A. Kovalcik, V.K. Thakur, Additive
manufacturing of bio-based hydrogel composites: recent advances, J. Polym. 
Environ. 30 (11) (2022) 4501–4516, doi: 10.1007/s10924- 022- 02516- z . 

https://doi.org/10.1016/J.BPRINT.2022.E00203
https://doi.org/10.1080/17452759.2020.1795209
https://doi.org/10.1002/admt.202202004
https://doi.org/10.1080/17452759.2020.1822189
https://doi.org/10.1002/adfm.202170176
https://doi.org/10.3390/pharmaceutics15010116
https://doi.org/10.1080/03639045.2020.1862179
https://doi.org/10.1007/s00170-019-03871-3
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0044
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0044
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0044
https://doi.org/10.1016/J.ADDMA.2021.102024
https://doi.org/10.1039/D1TB01335A
https://doi.org/10.1007/s40964-022-00362-y
https://doi.org/10.1016/J.EURPOLYMJ.2021.110708
https://doi.org/10.3389/fbioe.2019.00164
https://doi.org/10.1002/adhm.202201975
https://doi.org/10.1002/adma.202209566
https://doi.org/10.1016/j.biomaterials.2022.121886
https://doi.org/10.1016/j.matpr.2021.07.148
https://doi.org/10.1016/j.eurpolymj.2022.111128
https://doi.org/10.1039/C8TA07716A
https://doi.org/10.1016/J.JCOT.2020.04.021
https://doi.org/10.1002/adhm.202202631
https://doi.org/10.1016/j.susmat.2022.e00481
https://doi.org/10.1007/s12206-015-0925-0
https://doi.org/10.1088/1361-665X/acd504
https://doi.org/10.1016/j.slast.2023.02.002
https://doi.org/10.1080/17452759.2015.1097054
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0063
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0063
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0063
https://doi.org/10.1007/s13346-022-01200-y
https://doi.org/10.1080/14484846.2021.1988434
https://doi.org/10.1016/j.cobme.2017.04.002
https://doi.org/10.1108/RPJ-10-2020-0240
https://doi.org/10.1088/1361-665x/ab9989
https://doi.org/10.1016/j.cej.2019.05.167
https://doi.org/10.1016/j.mattod.2022.01.001
https://doi.org/10.1039/C8TB02579G
https://doi.org/10.1021/acs.iecr.9b00683
https://doi.org/10.1021/acsabm.8b00297
https://doi.org/10.1002/adfm.201907615
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0075
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0075
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0075
https://doi.org/10.3390/polym14122365
https://doi.org/10.1016/j.eng.2020.01.015
https://doi.org/10.1007/978-3-030-94114-7_1
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0079
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0079
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0079
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0079
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0079
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0079
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0079
https://doi.org/10.1016/j.mtadv.2020.100088
https://doi.org/10.1016/j.cis.2021.102436
https://doi.org/10.1002/adfm.201910606
https://doi.org/10.1021/acsapm.3c00325
https://doi.org/10.1016/j.snb.2023.133910
https://doi.org/10.1080/07388551.2023.2213398
https://doi.org/10.1021/acs.accounts.6b00570
https://doi.org/10.1007/s10924-022-02516-z


Giant, 17, 2024, 100209 

Fu
ll-

le
ng

th
 
ar

ti
cl

e 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[88] S. Amirthalingam, A.K. Rajendran, Y. gi Moon, N. Hwang, Stimuli-responsive
dynamic hydrogel: design, properties and tissue engineering applications,
Mater. Horizons (2023), doi: 10.1039/D3MH00399J . 

[89] Y. Ji, C. Luan, X. Yao, J. Fu, Y. He, Recent progress in 3d printing of smart
structures: classification, challenges, and trends, Adv. Intell. Syst. 3 (12) (2021)
2000271, doi: 10.1002/aisy.202000271 . 

[90] L. Wang, F. Zhang, S. Du, J. Leng, Advances in 4D printed shape memory
composites and structures: actuation and application, Sci. China Technol. Sci.
66 (5) (2023) 1271–1288, doi: 10.1007/s11431- 022- 2255- 0 . 

[91] L. Zeenat, A. Zolfagharian, Y. Sriya, S. Sasikumar, M. Bodaghi, F. Pati, 4D printing
for vascular tissue engineering: progress and challenges, Adv. Mater. Technol. n/a
(n/a) (2023) 2300200, doi: 10.1002/admt.202300200 . 

[92] H. Wu, et al., Selective laser sintering-based 4D printing of magnetism-
responsive grippers, ACS Appl. Mater. Interfaces 13 (11) (2021) 12679–12688,
doi: 10.1021/acsami.0c17429 . 

[93] H.M. El-Husseiny, et al., Smart/stimuli-responsive hydrogels: cutting-edge
platforms for tissue engineering and other biomedical applications, Mater.
Today Bio 13 (2022) 100186, doi: 10.1016/J.MTBIO.2021.100186 . 

[94] J. Thakor, et al., Engineered hydrogels for brain tumor culture and therapy, Bio-
Design Manuf 3 (3) (2020) 203–226, doi: 10.1007/s42242- 020- 00084- 6 . 

[95] P. Abdollahiyan, B. Baradaran, M. de la Guardia, F. Oroojalian, A. Mokhtarzadeh,
Cutting-edge progress and challenges in stimuli responsive hydrogel
microenvironment for success in tissue engineering today, J. Control. Release
328 (2020) 514–531, doi: 10.1016/j.jconrel.2020.09.030 . 

[96] H.M. El-Husseiny, et al., Smart/stimuli-responsive hydrogels: state-of-the-art
platforms for bone tissue engineering, Appl. Mater. Today 29 (2022) 101560,
doi: 10.1016/j.apmt.2022.101560 . 

[97] W. Li, J. Liu, J. Wei, Z. Yang, C. Ren, B. Li, Recent progress of conductive hydrogel
fibers for flexible electronics: fabrications, applications, and perspectives, Adv.
Funct. Mater. 33 (17) (2023) 2213485, doi: 10.1002/adfm.202213485 . 

[98] S. Mura, J. Nicolas, P. Couvreur, Stimuli-responsive nanocarriers for drug
delivery, Nat. Mater. 12 (11) (2013) 991–1003, doi: 10.1038/nmat3776 . 

[99] B.I. Oladapo, J.F. Kayode, J.O. Akinyoola, O.M. Ikumapayi, Shape memory
polymer review for flexible artificial intelligence materials of biomedical, Mater.
Chem. Phys. 293 (2023) 126930, doi: 10.1016/j.matchemphys.2022.126930 . 

[100] K. Wang, S. Strandman, X.X. Zhu, A mini review: shape memory polymers for
biomedical applications, Front. Chem. Sci. Eng. 11 (2) (2017) 143–153, doi: 10.
1007/s11705- 017- 1632- 4 . 

[101] M. Behl, M.Y. Razzaq, A. Lendlein, Multifunctional shape-memory polymers,
Adv. Mater. 22 (31) (2010) 3388–3410, doi: 10.1002/adma.200904447 . 

[102] Y. Kim, X. Zhao, Magnetic soft materials and robots, Chem. Rev. 122 (5) (2022)
5317–5364, doi: 10.1021/acs.chemrev.1c00481 . 

[103] Z. Yang, et al., Stimulus-responsive hydrogels in food science: a review, Food
Hydrocoll. 124 (2022) 107218, doi: 10.1016/j.foodhyd.2021.107218 . 

[104] R.I. Baron, G. Biliuta, V. Socoliuc, S. Coseri, Affordable magnetic hydrogels
prepared from biocompatible and biodegradable sources, Polymers (Basel) 13
(11) (2021), doi: 10.3390/polym13111693 . 

[105] A.Le Duigou , G. Chabaud , F. Scarpa , M. Castro , Bioinspired
electro-thermo-hygro reversible shape-changing materials by 4D printing,
Adv. Funct. Mater. 29 (40) (2019) 1903280 . 

[106] A. GhavamiNejad, N. Ashammakhi, X.Y. Wu, A. Khademhosseini, Crosslinking
strategies for 3D bioprinting of polymeric hydrogels, Small 16 (35) (2020)
2002931, doi: 10.1002/smll.202002931 . 

[107] Y. Xia, Y. He, F. Zhang, Y. Liu, J. Leng, A review of shape memory polymers and
composites: mechanisms, materials, and applications, Adv. Mater. 33 (6) (2021)
2000713, doi: 10.1002/adma.202000713 . 

[108] P. Zarrintaj, et al., Agarose-based biomaterials for tissue engineering, Carbohydr.
Polym. 187 (2018) 66–84, doi: 10.1016/j.carbpol.2018.01.060 . 

[109] Z.U. Arif, M.Y. Khalid, M.F. Sheikh, A. Zolfagharian, M. Bodaghi, Biopolymeric
sustainable materials and their emerging applications, J. Environ. Chem. Eng.
10 (4) (2022) 108159, doi: 10.1016/j.jece.2022.108159 . 

[110] M.Y. Khalid, A. Al Rashid, Z.U. Arif, W. Ahmed, H. Arshad, Recent advances
in nanocellulose-based different biomaterials: types, properties, and emerging
applications, J. Mater. Res. Technol. 14 (2021) 2601–2623, doi: 10.1016/J.JMRT.
2021.07.128 . 

[111] M.Y. Khalid, Z.U. Arif, Novel biopolymer-based sustainable composites for food
packaging applications: a narrative review, Food Packag. Shelf Life 33 (2022)
100892, doi: 10.1016/j.fpsl.2022.100892 . 

[112] M. Taghizadeh, et al., Chitosan-based inks for 3D printing and bioprinting,
Green Chem. (2021), doi: 10.1039/D1GC01799C . 

[113] P. Zarrintaj, et al., Biopolymer-based composites for tissue engineering
applications: a basis for future opportunities, Compos. Part B Eng. 258 (2023)
110701, doi: 10.1016/j.compositesb.2023.110701 . 

[114] H. Shokrani, et al., Polysaccharide-based biomaterials in a journey from 3D to
4D printing, Bioeng. Transl. Med. n/a (n/a) (2023) e10503, doi: 10.1002/btm2.
10503 . 
[115] P.D.C. Costa, D.C.S. Costa, T.R. Correia, V.M. Gaspar, J.F. Mano, Natural origin
biomaterials for 4D bioprinting tissue-like constructs, Adv. Mater. Technol. 6
(10) (2021) 2100168, doi: 10.1002/admt.202100168 . 

[116] T. Cordonnier, J. Sohier, P. Rosset, P. Layrolle, Biomimetic materials for bone
tissue engineering – state of the art and future trends, Adv. Eng. Mater. 13 (5)
(2011) B135–B150, doi: 10.1002/adem.201080098 . 

[117] A.E. Eldeeb, S. Salah, N.A. Elkasabgy, Biomaterials for tissue engineering
applications and current updates in the field: a comprehensive review, AAPS
PharmSciTech 23 (7) (2022) 267, doi: 10.1208/s12249- 022- 02419- 1 . 

[118] R. Agrawal, A. Kumar, M.K.A. Mohammed, S. Singh, Biomaterial types,
properties, medical applications, and other factors: a recent review, J. Zhejiang
Univ. A (2023), doi: 10.1631/jzus.A2200403 . 

[119] Y. Liu, H. Du, L. Liu, J. Leng, Shape memory polymers and their composites
in aerospace applications: a review, Smart Mater. Struct. 23 (2) (2014) 23001,
doi: 10.1088/0964-1726/23/2/023001 . 

[120] Y. Tang, et al., A review of protein hydrogels: protein assembly mechanisms,
properties, and biological applications, Colloids Surf. B Biointerfaces 220 (2022)
112973, doi: 10.1016/j.colsurfb.2022.112973 . 

[121] L.A.E. Müller, et al., Photoresponsive movement in 3D printed cellulose
nanocomposites, ACS Appl. Mater. Interfaces 14 (14) (2022) 16703–16717,
doi: 10.1021/acsami.2c02154 . 

[122] A. Tariq, et al., Recent advances in the additive manufacturing of stimuli-
responsive soft polymers, Adv. Eng. Mater. n/a (n/a) (2023), doi: 10.1002/adem.
202301074 . 

[123] G. Duan , H. Liu , Z. Liu , J. Tan , A 4D-printed structure with reversible
deformation for the soft crawling robot, Front. Mater. 9 (2022) . 

[124] M.Y. Khalid, A. Al Rashid, Z.U. Arif, W. Ahmed, H. Arshad, A.A. Zaidi, Natural
fiber reinforced composites: sustainable materials for emerging applications,
Results Eng. 11 (2021) 100263, doi: 10.1016/J.RINENG.2021.100263 . 

[125] S. Mallakpour, F. Tabesh, C.M. Hussain, A new trend of using poly(vinyl alcohol)
in 3D and 4D printing technologies: process and applications, Adv. Colloid
Interface Sci. 301 (2022) 102605, doi: 10.1016/j.cis.2022.102605 . 

[126] N. Park, J. Kim, Hydrogel-based artificial muscles: overview and recent progress,
Adv. Intell. Syst. 2 (4) (2020) 1900135, doi: 10.1002/aisy.201900135 . 

[127] C. Echeverria, S.N. Fernandes, M.H. Godinho, J.P. Borges, P.I.P. Soares,
Functional stimuli-responsive gels: hydrogels and microgels, Gels 4 (2) (2018),
doi: 10.3390/gels4020054 . 

[128] Z. Yuan, et al., Components, mechanisms and applications of stimuli-responsive
polymer gels, Eur. Polym. J. 177 (2022) 111473, doi: 10.1016/j.eurpolymj.2022.
111473 . 

[129] M.Hakim Khalili, R. Zhang, S. Wilson, S. Goel, S.A. Impey, A.I. Aria, Additive
manufacturing and physicomechanical characteristics of pegda hydrogels:
recent advances and perspective for tissue engineering, Polymers (Basel) 15 (10)
(2023), doi: 10.3390/polym15102341 . 

[130] M.A. Mohamed, et al., Stimuli-responsive hydrogels for manipulation of cell
microenvironment: from chemistry to biofabrication technology, Prog. Polym.
Sci. 98 (2019) 101147, doi: 10.1016/j.progpolymsci.2019.101147 . 

[131] Y.-J. Kim, Y.T. Matsunaga, Thermo-responsive polymers and their application as
smart biomaterials, J. Mater. Chem. B 5 (23) (2017) 4307–4321, doi: 10.1039/
C7TB00157F . 

[132] Y. Qu, et al., A biodegradable thermo-responsive hybrid hydrogel: therapeutic
applications in preventing the post-operative recurrence of breast cancer, NPG
Asia Mater 7 (8) (2015) e207 –e207, doi: 10.1038/am.2015.83 . 

[133] N. Contessi Negrini, L. Bonetti, L. Contili, S. Farè, 3D printing of
methylcellulose-based hydrogels, Bioprinting 10 (2018) e00024, doi: 10.1016/j.
bprint.2018.e00024 . 

[134] M. Chelu, A.M. Musuc, Advanced biomedical applications of multifunctional
natural and synthetic biomaterials, Processes 11 (9) (2023), doi: 10.3390/
pr11092696 . 

[135] B. Jian, F. Demoly, Y. Zhang, H.J. Qi, J.-C. André, S. Gomes, Origami-based design
for 4D printing of 3D support-free hollow structures, Engineering (2022), doi: 10.
1016/j.eng.2021.06.028 . 

[136] R. Yang, X. Chen, Y. Zheng, K. Chen, W. Zeng, X. Wu, Recent advances in the
3D printing of electrically conductive hydrogels for flexible electronics, J. Mater.
Chem. C 10 (14) (2022) 5380–5399, doi: 10.1039/D1TC06162C . 

[137] I. Carayon, A. Gaubert, Y. Mousli, B. Philippe, Electro-responsive hydrogels:
macromolecular and supramolecular approaches in the biomedical field,
Biomater. Sci. 8 (20) (2020) 5589–5600, doi: 10.1039/D0BM01268H . 

[138] N. Srivastava, A.R. Choudhury, Stimuli-responsive polysaccharide-based smart
hydrogels and their emerging applications, Ind. Eng. Chem. Res. 62 (2) (2023)
841–866, doi: 10.1021/acs.iecr.2c02779 . 

[139] H. Bi, G. Ye, H. Sun, Z. Ren, T. Gu, M. Xu, Mechanically robust, shape memory,
self-healing and 3D printable thermoreversible cross-linked polymer composites
toward conductive and biomimetic skin devices applications, Addit. Manuf. 49
(2022) 102487, doi: 10.1016/j.addma.2021.102487 . 

[140] S. Nam, E. Pei, A taxonomy of shape-changing behavior for 4D printed parts
using shape-memory polymers, Prog. Addit. Manuf. 4 (2) (2019) 167–184,
doi: 10.1007/s40964- 019- 00079- 5 . 
33 

https://doi.org/10.1039/D3MH00399J
https://doi.org/10.1002/aisy.202000271
https://doi.org/10.1007/s11431-022-2255-0
https://doi.org/10.1002/admt.202300200
https://doi.org/10.1021/acsami.0c17429
https://doi.org/10.1016/J.MTBIO.2021.100186
https://doi.org/10.1007/s42242-020-00084-6
https://doi.org/10.1016/j.jconrel.2020.09.030
https://doi.org/10.1016/j.apmt.2022.101560
https://doi.org/10.1002/adfm.202213485
https://doi.org/10.1038/nmat3776
https://doi.org/10.1016/j.matchemphys.2022.126930
https://doi.org/10.1007/s11705-017-1632-4
https://doi.org/10.1002/adma.200904447
https://doi.org/10.1021/acs.chemrev.1c00481
https://doi.org/10.1016/j.foodhyd.2021.107218
https://doi.org/10.3390/polym13111693
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0105
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0105
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0105
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0105
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0105
https://doi.org/10.1002/smll.202002931
https://doi.org/10.1002/adma.202000713
https://doi.org/10.1016/j.carbpol.2018.01.060
https://doi.org/10.1016/j.jece.2022.108159
https://doi.org/10.1016/J.JMRT.2021.07.128
https://doi.org/10.1016/j.fpsl.2022.100892
https://doi.org/10.1039/D1GC01799C
https://doi.org/10.1016/j.compositesb.2023.110701
https://doi.org/10.1002/btm2.10503
https://doi.org/10.1002/admt.202100168
https://doi.org/10.1002/adem.201080098
https://doi.org/10.1208/s12249-022-02419-1
https://doi.org/10.1631/jzus.A2200403
https://doi.org/10.1088/0964-1726/23/2/023001
https://doi.org/10.1016/j.colsurfb.2022.112973
https://doi.org/10.1021/acsami.2c02154
https://doi.org/10.1002/adem.202301074
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0123
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0123
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0123
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0123
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0123
https://doi.org/10.1016/J.RINENG.2021.100263
https://doi.org/10.1016/j.cis.2022.102605
https://doi.org/10.1002/aisy.201900135
https://doi.org/10.3390/gels4020054
https://doi.org/10.1016/j.eurpolymj.2022.111473
https://doi.org/10.3390/polym15102341
https://doi.org/10.1016/j.progpolymsci.2019.101147
https://doi.org/10.1039/C7TB00157F
https://doi.org/10.1038/am.2015.83
https://doi.org/10.1016/j.bprint.2018.e00024
https://doi.org/10.3390/pr11092696
https://doi.org/10.1016/j.eng.2021.06.028
https://doi.org/10.1039/D1TC06162C
https://doi.org/10.1039/D0BM01268H
https://doi.org/10.1021/acs.iecr.2c02779
https://doi.org/10.1016/j.addma.2021.102487
https://doi.org/10.1007/s40964-019-00079-5


Giant, 17, 2024, 100209 

Full-length
 article

 

[  

 

[  

[
 

[  

[  

 

[  

[  

 

[  

 

[  

 

[  

 

[  

[  

[
 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

[  

[  

 

[
 

[
 

[  

[  

[  

[  

 

[  

[
 

[  

[  

 

[  

[  

 

 

[  

 

[  

 

[  

[  

[  

[
 

[  

 

[  

 

[  

[  

[  

 

[  

[

[

 

[  

[  

[

 

[

3

141] Y. He, et al., Magnetic hydrogel-based flexible actuators: a comprehensive review
on design, properties, and applications, Chem. Eng. J. 462 (2023) 142193,
doi: 10.1016/j.cej.2023.142193 . 

142] F. Schmitt , O. Piccin , L. Barbé, B. Bayle , Soft robots manufacturing: a review,
Front. Robot. AI 5 (2018) . 

143] R.C.P. Verpaalen, T. Engels, A.P.H.J. Schenning, M.G. Debije, Stimuli-responsive 
shape changing commodity polymer composites and bilayers, ACS Appl. Mater.
Interfaces 12 (35) (2020) 38829–38844, doi: 10.1021/acsami.0c10802 . 

144] S. Li, H. Bai, R.F. Shepherd, H. Zhao, Bio-inspired design and additive
manufacturing of soft materials, machines, robots, and haptic interfaces, Angew. 
Chemie Int. Ed. 58 (33) (2019) 11182–11204, doi: 10.1002/anie.201813402 . 

145] W. Sun, S. Schaffer, K. Dai, L. Yao, A. Feinberg, V. Webster-Wood, 3D printing
hydrogel-based soft and biohybrid actuators: a mini-review on fabrication 
techniques, applications, and challenges, Frontiers in Robotics and AI 8 (2021),
doi: 10.3389/frobt.2021.673533 . 

146] Y. Deng, et al., Stimuli-Responsive nanocellulose Hydrogels: an overview, Eur.
Polym. J. 180 (2022) 111591, doi: 10.1016/j.eurpolymj.2022.111591 . 

147] W. Li, Q. Guan, M. Li, E. Saiz, X. Hou, Nature-inspired strategies for the synthesis
of hydrogel actuators and their applications, Prog. Polym. Sci. 140 (2023)
101665, doi: 10.1016/j.progpolymsci.2023.101665 . 

148] S. Castañeda-Rodríguez, et al., Recent advances in modified poly (lactic acid)
as tissue engineering materials, J. Biol. Eng. 17 (1) (2023) 21, doi: 10.1186/
s13036- 023- 00338- 8 . 

149] Z. Li, Y. Zhou, T. Li, J. Zhang, H. Tian, Stimuli-responsive hydrogels: fabrication
and biomedical applications, VIEW 3 (2) (2022) 20200112, doi: 10.1002/VIW.
20200112 . 

150] N.K. Preman, R.R. Barki, A. Vijayan, S.G. Sanjeeva, R.P. Johnson, Recent
developments in stimuli-responsive polymer nanogels for drug delivery and 
diagnostics: a review, Eur. J. Pharm. Biopharm. 157 (2020) 121–153, doi: 10.1016/
j.ejpb.2020.10.009 . 

151] Z.Y. Shrike, K. Ali, Advances in engineering hydrogels, Science (80-.). 356 (6337)
(2017) eaaf3627, doi: 10.1126/science.aaf3627 . 

152] S. Malekmohammadi, et al., Smart and biomimetic 3D and 4D printed
composite hydrogels: opportunities for different biomedical applications, 
Biomedicines 9 (11) (2021), doi: 10.3390/biomedicines9111537 . 

153] U.S.K. Madduma-Bandarage, S.V. Madihally, Synthetic hydrogels: synthesis, 
novel trends, and applications, J. Appl. Polym. Sci. 138 (19) (2021) 50376,
doi: 10.1002/app.50376 . 

154] J. Shang, X. Le, J. Zhang, T. Chen, P. Theato, Trends in polymeric shape memory
hydrogels and hydrogel actuators, Polym. Chem. 10 (9) (2019) 1036–1055,
doi: 10.1039/C8PY01286E . 

155] M. Javaid, A. Haleem, R.P. Singh, R. Suman, 3D printing applications for
healthcare research and development, Glob. Heal. J. 6 (4) (2022) 217–226,
doi: 10.1016/j.glohj.2022.11.001 . 

156] J.D. Tanfani, J.D. Monpara, S. Jonnalagadda, 3D bioprinting and its role in a
wound healing renaissance, Adv. Mater. Technol. n/a (n/a) (2023) 2300411,
doi: 10.1002/admt.202300411 . 

157] J. An, J.E.M. Teoh, R. Suntornnond, C.K. Chua, Design and 3D printing
of scaffolds and tissues, Engineering 1 (2) (2015) 261–268, doi: 10.15302/
J- ENG- 2015061 . 

158] A. Bigham, F. Foroughi, E. Rezvani Ghomi, M. Rafienia, R.E. Neisiany,
S. Ramakrishna, The journey of multifunctional bone scaffolds fabricated from
traditional toward modern techniques, Bio-Design Manuf 3 (4) (2020) 281–306,
doi: 10.1007/s42242- 020- 00094- 4 . 

159] Z. Wang, et al., Analysis of factors influencing bone ingrowth into three-
dimensional printed porous metal scaffolds: a review, J. Alloys Compd. 717
(2017) 271–285, doi: 10.1016/j.jallcom.2017.05.079 . 

160] S. Chen, Q. Zhang, J. Feng, 3D printing of tunable shape memory polymer
blends, J. Mater. Chem. C 5 (33) (2017) 8361–8365, doi: 10.1039/C7TC02534C . 

161] G. Li, Z. Li, Y. Min, S. Chen, R. Han, Z. Zhao, 3D-printed piezoelectric scaffolds
with shape memory polymer for bone regeneration, Small n/a (n/a) (2023)
2302927, doi: 10.1002/smll.202302927 . 

162] A.K. Bastola, M. Hossain, The shape – morphing performance of magnetoactive 
soft materials, Mater. Des. 211 (2021) 110172, doi: 10.1016/j.matdes.2021.
110172 . 

163] S. Amukarimi, S. Ramakrishna, M. Mozafari, Smart biomaterials—a proposed 
definition and overview of the field, Curr. Opin. Biomed. Eng. 19 (2021) 100311,
doi: 10.1016/j.cobme.2021.100311 . 

164] G. Scalet, Two-way and multiple-way shape memory polymers for soft robotics:
an overview, Actuators 9 (1) (2020), doi: 10.3390/act9010010 . 

165] L. Guan, J. Fan, X.Y. Chan, H.Le Ferrand, Continuous 3D printing of
microstructured multifunctional materials, Addit. Manuf. 62 (2023) 103373, 
doi: 10.1016/j.addma.2022.103373 . 

166] D.M. Kirchmajer, R. Gorkin III, M. in het Panhuis, An overview of the suitability
of hydrogel-forming polymers for extrusion-based 3D-printing, J. Mater. Chem. 
B 3 (20) (2015) 4105–4117, doi: 10.1039/C5TB00393H . 

167] M.H.D. Ansari, et al., 3D printing of small-scale soft robots with programmable
magnetization, Adv. Funct. Mater. n/a (n/a) (2023) 2211918, doi: 10.1002/adfm.

202211918 . 

4 
168] X. Xu, A. Awad, P. Robles-Martinez, S. Gaisford, A. Goyanes, A.W. Basit, Vat
photopolymerization 3D printing for advanced drug delivery and medical 
device applications, J. Control. Release 329 (2021) 743–757, doi: 10.1016/j. 
jconrel.2020.10.008 . 

169] W. Zhou, et al., 4D-printed dynamic materials in biomedical applications: 
chemistry, challenges, and their future perspectives in the clinical sector, J. Med.
Chem. 63 (15) (2020) 8003–8024, doi: 10.1021/acs.jmedchem.9b02115 . 

170] K. Osouli-Bostanabad, et al., Traction of 3D and 4D printing in the healthcare
industry: from drug delivery and analysis to regenerative medicine, ACS 
Biomater. Sci. Eng. 8 (7) (2022) 2764–2797, doi: 10.1021/acsbiomaterials. 
2c00094 . 

171] Y. Zhang, X.-Y. Yin, M. Zheng, C. Moorlag, J. Yang, Z.L. Wang, 3D printing of
thermoreversible polyurethanes with targeted shape memory and precise in situ 
self-healing properties, J. Mater. Chem. A 7 (12) (2019) 6972–6984, doi: 10.1039/
C8TA12428K . 

172] F. Wang, M. Jiang, Y. Pan, Y. Lu, W. Xu, Y. Zhou, 3D printing photo-induced
lignin nanotubes/polyurethane shape memory composite, Polym. Test. 119 
(2023) 107934, doi: 10.1016/j.polymertesting.2023.107934 . 

173] Q. Wei, J. Zhou, Y. An, M. Li, J. Zhang, S. Yang, Modification, 3D printing process
and application of sodium alginate based hydrogels in soft tissue engineering: a
review, Int. J. Biol. Macromol. 232 (2023) 123450, doi: 10.1016/j.ijbiomac.2023.
123450 . 

174] H. Taneja, S.M. Salodkar, A. Singh Parmar, S. Chaudhary, Hydrogel based 3D
printing: bio ink for tissue engineering, J. Mol. Liq. 367 (2022) 120390, doi: 10.
1016/j.molliq.2022.120390 . 

175] A. Haleem, M. Javaid, R.P. Singh, R. Suman, Significant roles of 4D printing using
smart materials in the field of manufacturing, Adv. Ind. Eng. Polym. Res. 4 (4)
(2021) 301–311, doi: 10.1016/j.aiepr.2021.05.001 . 

176] Z. Liu , et al. , 3D-printed hydrogels in orthopedics: developments, limitations,
and perspectives, Front. Bioeng. Biotechnol. 10 (2022) . 

177] G. Gonzalez, I. Roppolo, C.F. Pirri, A. Chiappone, Current and emerging trends
in polymeric 3D printed microfluidic devices, Addit. Manuf. 55 (2022) 102867, 
doi: 10.1016/j.addma.2022.102867 . 

178] C. Zhang, Y. Li, W. Kang, X. Liu, Q. Wang, Current advances and future
perspectives of additive manufacturing for functional polymeric materials and 
devices, SusMat 1 (1) (2021) 127–147, doi: 10.1002/sus2.11 . 

179] M. Mabrouk, H.H. Beherei, D.B. Das, Recent progress in the fabrication 
techniques of 3D scaffolds for tissue engineering, Mater. Sci. Eng. C 110 (2020)
110716, doi: 10.1016/j.msec.2020.110716 . 

180] J. Lai, C. Wang, M. Wang, 3D printing in biomedical engineering: processes,
materials, and applications, Appl. Phys. Rev. 8 (2) (2021) 21322, doi: 10.1063/5.
0024177 . 

181] H. Tetsuka, S.R. Shin, Materials and technical innovations in 3D printing in
biomedical applications, J. Mater. Chem. B 8 (15) (2020) 2930–2950, doi: 10.
1039/D0TB00034E . 

182] M.P. Mani, et al., A review on 3D printing in tissue engineering applications, J.
Polym. Eng. (2022), doi: 10.1515/polyeng- 2021- 0059 . 

183] Y. Chen, X. Dong, M. Shafiq, G. Myles, N. Radacsi, X. Mo, Recent advancements
on three-dimensional electrospun nanofiber scaffolds for tissue engineering, 
Adv. Fiber Mater. 4 (5) (2022) 959–986, doi: 10.1007/s42765- 022- 00170- 7 . 

184] H. Cao, L. Duan, Y. Zhang, J. Cao, K. Zhang, Current hydrogel advances
in physicochemical and biological response-driven biomedical application 
diversity, Signal Transduct. Target. Ther. 6 (1) (2021) 426, doi: 10.1038/
s41392- 021- 00830- x . 

185] W. Chen, H. Zhang, Q. Zhou, F. Zhou, Q. Zhang, J. Su, Smart hydrogels for bone
reconstruction via modulating the microenvironment, Research 6 (2023) 89, 
doi: 10.34133/research.0089 . 

186] P. Ahangar, M.E. Cooke, M.H. Weber, D.H. Rosenzweig, Current biomedical 
applications of 3D printing and additive manufacturing, Applied Sciences 9 (8) 
(2019), doi: 10.3390/app9081713 . 

187] J. Patadiya, A. Gawande, G. Joshi, B. Kandasubramanian, Additive 
manufacturing of shape memory polymer composites for futuristic technology, 
Ind. Eng. Chem. Res. 60 (44) (2021) 15885–15912, doi: 10.1021/acs.iecr.1c03083 .

188] H. Wei, M. Lei, P. Zhang, J. Leng, Z. Zheng, Y. Yu, Orthogonal photochemistry-
assisted printing of 3D tough and stretchable conductive hydrogels, Nat. 
Commun. 12 (1) (2021) 2082, doi: 10.1038/s41467- 021- 21869- y . 

189] Z. Lu, L. Sun, J. Liu, H. Wei, P. Zhang, Y. Yu, Photoredox-mediated designing
and regulating metal-coordinate hydrogels for programmable soft 3D-printed 
actuators, ACS Macro Lett 11 (8) (2022) 967–974, doi: 10.1021/acsmacrolett. 
2c00362 . 

190] V.H.G. Phan, et al., Cellulose nanocrystals-incorporated thermosensitive 
hydrogel for controlled release, 3D printing, and breast cancer treatment 
applications, ACS Appl. Mater. Interfaces 14 (38) (2022) 42812–42826, doi: 10.
1021/acsami.2c05864 . 

191] C. Wang, et al., Visible-light-assisted multimechanism design for one-step 
engineering tough hydrogels in seconds, Nat. Commun. 11 (1) (2020) 4694, 
doi: 10.1038/s41467- 020- 18145- w . 

https://doi.org/10.1016/j.cej.2023.142193
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0142
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0142
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0142
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0142
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0142
https://doi.org/10.1021/acsami.0c10802
https://doi.org/10.1002/anie.201813402
https://doi.org/10.3389/frobt.2021.673533
https://doi.org/10.1016/j.eurpolymj.2022.111591
https://doi.org/10.1016/j.progpolymsci.2023.101665
https://doi.org/10.1186/s13036-023-00338-8
https://doi.org/10.1002/VIW.20200112
https://doi.org/10.1016/j.ejpb.2020.10.009
https://doi.org/10.1126/science.aaf3627
https://doi.org/10.3390/biomedicines9111537
https://doi.org/10.1002/app.50376
https://doi.org/10.1039/C8PY01286E
https://doi.org/10.1016/j.glohj.2022.11.001
https://doi.org/10.1002/admt.202300411
https://doi.org/10.15302/J-ENG-2015061
https://doi.org/10.1007/s42242-020-00094-4
https://doi.org/10.1016/j.jallcom.2017.05.079
https://doi.org/10.1039/C7TC02534C
https://doi.org/10.1002/smll.202302927
https://doi.org/10.1016/j.matdes.2021.110172
https://doi.org/10.1016/j.cobme.2021.100311
https://doi.org/10.3390/act9010010
https://doi.org/10.1016/j.addma.2022.103373
https://doi.org/10.1039/C5TB00393H
https://doi.org/10.1002/adfm.202211918
https://doi.org/10.1016/j.jconrel.2020.10.008
https://doi.org/10.1021/acs.jmedchem.9b02115
https://doi.org/10.1021/acsbiomaterials.2c00094
https://doi.org/10.1039/C8TA12428K
https://doi.org/10.1016/j.polymertesting.2023.107934
https://doi.org/10.1016/j.ijbiomac.2023.123450
https://doi.org/10.1016/j.molliq.2022.120390
https://doi.org/10.1016/j.aiepr.2021.05.001
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0176
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0176
http://refhub.elsevier.com/S2666-5425(23)00071-1/sbref0176
https://doi.org/10.1016/j.addma.2022.102867
https://doi.org/10.1002/sus2.11
https://doi.org/10.1016/j.msec.2020.110716
https://doi.org/10.1063/5.0024177
https://doi.org/10.1039/D0TB00034E
https://doi.org/10.1515/polyeng-2021-0059
https://doi.org/10.1007/s42765-022-00170-7
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.34133/research.0089
https://doi.org/10.3390/app9081713
https://doi.org/10.1021/acs.iecr.1c03083
https://doi.org/10.1038/s41467-021-21869-y
https://doi.org/10.1021/acsmacrolett.2c00362
https://doi.org/10.1021/acsami.2c05864
https://doi.org/10.1038/s41467-020-18145-w


Giant, 17, 2024, 100209 

Fu
ll-

le
ng

th
 
ar

ti
cl

e 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[192] W. Xiao, P. Zhang, H. Wei, Y. Yu, Rapidly visible-light-mediated photogelations
for one-step engineering multifunctional tough hydrogel tubes, ACS Macro Lett
9 (11) (2020) 1681–1686, doi: 10.1021/acsmacrolett.0c00621 . 

[193] G.-H. Wu, S. Hsu, Review: polymeric-based 3D printing for tissue engineering,
J. Med. Biol. Eng. 35 (3) (2015) 285–292, doi: 10.1007/s40846- 015- 0038- 3 . 

[194] C.R. Fellin, et al., Tunable temperature- and shear-responsive hydrogels based on
poly(alkyl glycidyl ether)s, Polym. Int. 68 (7) (2019) 1238–1246, doi: 10.1002/pi.
5716 . 

[195] K.B.C. Imani, et al., High-resolution 3D printing of mechanically tough
hydrogels prepared by thermo-responsive poloxamer ink platform, Macromol.
Rapid Commun. 43 (2) (2022) 2100579, doi: 10.1002/marc.202100579 . 

[196] S. Ramesh, V. Kovelakuntla, A.S. Meyer, I.V. Rivero, Three-dimensional printing
of stimuli-responsive hydrogel with antibacterial activity, Bioprinting 24 (2021)
e00106, doi: 10.1016/j.bprint.2020.e00106 . 

[197] M. López-Valdeolivas, D. Liu, D.J. Broer, C. Sánchez-Somolinos, 4D printed
actuators with soft-robotic functions, Macromol. Rapid Commun. 39 (5) (2018)
1700710, doi: 10.1002/marc.201700710 . 

[198] M. Afzali Naniz, M. Askari, A. Zolfagharian, M. Afzali Naniz, M. Bodaghi, 4D
printing: a cutting-edge platform for biomedical applications, Biomed. Mater.
17 (6) (2022) 62001, doi: 10.1088/1748-605X/ac8e42 . 

[199] V. Khare, S. Sonkaria, G.-Y. Lee, S.-H. Ahn, W.-S. Chu, From 3D to 4D
printing – design, material and fabrication for multi-functional multi-materials,
Int. J. Precis. Eng. Manuf. Technol. 4 (3) (2017) 291–299, doi: 10.1007/
s40684- 017- 0035- 9 . 

[200] T. Agarwal, et al., Chitosan and its derivatives in 3D/4D (bio) printing for tissue
engineering and drug delivery applications, Int. J. Biol. Macromol. 246 (2023)
125669, doi: 10.1016/j.ijbiomac.2023.125669 . 

[201] X. Wen, Y. Zhang, D. Chen, Q. Zhao, Reversible shape-shifting of an ionic
strength responsive hydrogel enabled by programmable network anisotropy,
ACS Appl. Mater. Interfaces 14 (35) (2022) 40344–40350, doi: 10.1021/acsami.
2c11693 . 

[202] Z. Ji, et al., 3D printing of hydrogel architectures with complex and controllable
shape deformation, Adv. Mater. Technol. 4 (4) (2019) 1800713, doi: 10.1002/
admt.201800713 . 

[203] S. Dutta, D. Cohn, Dually responsive biodegradable drug releasing 3D printed
structures, J. Appl. Polym. Sci. 139 (46) (2022) e53137, doi: 10.1002/app.53137 . 

[204] Q.T. Che, et al., Triple-conjugated photo-/temperature-/pH-sensitive chitosan
with an intelligent response for bioengineering applications, Carbohydr. Polym.
298 (2022) 120066, doi: 10.1016/j.carbpol.2022.120066 . 

[205] E. Rossegger, R. Höller, K. Hrbini ̌c, M. Sangermano, T. Griesser, S. Schlögl,
3D printing of soft magnetoactive devices with thiol-click photopolymer
composites, Adv. Eng. Mater. 25 (7) (2023) 2200749, doi: 10.1002/adem.
202200749 . 

[206] N. Lopez-Larrea, A. Gallastegui, L. Lezama, M. Criado-Gonzalez, N. Casado,
D. Mecerreyes, Fast visible-light 3D printing of conductive PEDOT:PSS
hydrogels, Macromol. Rapid Commun. n/a (n/a) (2023) 2300229, doi: 10.1002/
marc.202300229 . 

[207] Y. Dong , et al. , 4D printed hydrogels: fabrication, materials, and applications,
Adv. Mater. Technol. 5 (6) (2020) 2000034 . 

[208] D. Decanini, A. Harouri, A. Mizushima, B. Kim, Y. Mita, G. Hwang, 3D printed
miniaturized soft microswimmer for multimodal 3D air-liquid navigation and
manipulation, in: 2023 IEEE 36th International Conference on Micro Electro
Mechanical Systems (MEMS), 2023, pp. 21–24, doi: 10.1109/MEMS49605.2023.
10052220 . 

[209] N.N. Ferreira, L.M.B. Ferreira, V.M.O. Cardoso, F.I. Boni, A.L.R. Souza,
M.P.D. Gremião, Recent advances in smart hydrogels for biomedical
applications: from self-assembly to functional approaches, Eur. Polym. J.
99 (2018) 117–133, doi: 10.1016/j.eurpolymj.2017.12.004 . 

[210] R.T. Shafranek, S.C. Millik, P.T. Smith, C.U. Lee, A.J. Boydston, A. Nelson,
Stimuli-responsive materials in additive manufacturing, Prog. Polym. Sci. 93
(2019) 36–67, doi: 10.1016/J.PROGPOLYMSCI.2019.03.002 . 

[211] X.N. Zhang, Q. Zheng, Z.L. Wu, Recent advances in 3D printing of tough
hydrogels: a review, Compos. Part B Eng. 238 (2022) 109895, doi: 10.1016/j.
compositesb.2022.109895 . 

[212] X. Yang, et al., 3D printed hydrogel for articular cartilage regeneration, Compos.
Part B Eng. 237 (2022) 109863, doi: 10.1016/j.compositesb.2022.109863 . 

[213] M. Nachimuthu, R. P.K, Inkjet four-dimensional printing of shape memory
polymers: a review, Rapid Prototyp. J. 29 (3) (2023) 437–446, doi: 10.1108/
RPJ- 08- 2021- 0198 . 

[214] F. Pahlevanzadeh, et al., Three-dimensional printing constructs based on the
chitosan for tissue regeneration: state of the art, developing directions and
prospect trends, Materials (Basel) 13 (11) (2020), doi: 10.3390/ma13112663 . 

[215] M.A. Kouka, F. Abbassi, M. Habibi, F. Chabert, A. Zghal, C. Garnier, 4D
printing of shape memory polymers, blends, and composites and their advanced
applications: a comprehensive literature review, Adv. Eng. Mater. 25 (4) (2023)
2200650, doi: 10.1002/adem.202200650 . 

[216] J.P. Rett, Y.L. Traore, E.A. Ho, Sustainable materials for fused deposition modeling
3D printing applications, Adv. Eng. Mater. 23 (7) (2021) 2001472, doi: 10.1002/

adem.202001472 . 
[217] S. Mallakpour, F. Tabesh, C.M. Hussain, 3D and 4D printing: from innovation
to evolution, Adv. Colloid Interface Sci. 294 (2021) 102482, doi: 10.1016/j.cis.
2021.102482 . 

[218] P. Kumar, S.K. Dwivedy, S. Banerjee, Fabrication and experimental
characterizations of smart material filaments (SMFs) for possible future
4D-printing applications, Prog. Addit. Manuf. (2023), doi: 10.1007/
s40964- 023- 00467- y . 

[219] A.I. Nurhudan, S. Supriadi, Y. Whulanza, A.S. Saragih, Additive manufacturing
of metallic based on extrusion process: a review, J. Manuf. Process. 66 (2021)
228–237, doi: 10.1016/j.jmapro.2021.04.018 . 

[220] S. Singh, G. Singh, C. Prakash, S. Ramakrishna, Current status and future
directions of fused filament fabrication, J. Manuf. Process. 55 (2020) 288–306,
doi: 10.1016/j.jmapro.2020.04.049 . 

[221] J. Leng, X. Lan, Y. Liu, S. Du, Shape-memory polymers and their composites:
stimulus methods and applications, Prog. Mater. Sci. 56 (7) (2011) 1077–1135,
doi: 10.1016/j.pmatsci.2011.03.001 . 

[222] C. Duty, et al., What makes a material printable? A viscoelastic model for
extrusion-based 3D printing of polymers, J. Manuf. Process. 35 (2018) 526–537,
doi: 10.1016/j.jmapro.2018.08.008 . 

[223] S. Whyman, K.M. Arif, J. Potgieter, Design and development of an extrusion
system for 3D printing biopolymer pellets, Int. J. Adv. Manuf. Technol. 96 (9)
(2018) 3417–3428, doi: 10.1007/s00170- 018- 1843- y . 

[224] D. Muhindo, R. Elkanayati, P. Srinivasan, M.A. Repka, E.A. Ashour, Recent
advances in the applications of additive manufacturing (3D printing) in drug
delivery: a comprehensive review, AAPS PharmSciTech 24 (2) (2023) 57, doi: 10.
1208/s12249- 023- 02524- 9 . 

[225] M.H. Ali, A. Abilgaziyev, D. Adair, 4D printing: a critical review of current
developments, and future prospects, Int. J. Adv. Manuf. Technol. 105 (1) (2019)
701–717, doi: 10.1007/s00170- 019- 04258- 0 . 

[226] S.T. Ly , J.Y. Kim , 4D printing–fused deposition modeling printing with
thermal-responsive shape memory polymers, Int. J. Precis. Eng. Manuf. Technol.
4 (3) (2017) 267–272 . 

[227] K. Deshmukh, A. Muzaffar, T. Kovářík, T. K ̌renek, M.B. Ahamed, and S.K.K.
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